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C-V curves from f i l m s  wi th  a mixed A l N / B N  composi- 
t i o n  prepared by r e a c t i v e  s p u t t e r i n g .  
t h i ckness  = 6000 8 .  

Film 

C-V curves  from f i l m s  w i t h  a mixed A1N-BN composi- 
t i o n  prepared by r e a c t i v e  s p u t t e r i n g .  
th ickness  = 3600 A. 

Film 

C-V curves  from f i l m s  w i t h  a mixed AlN-BY composi- 
t i o n .  Thicknesses = 3600 A. Slowed sweep ra te  
permi ts  more ex tens ive  i n t e r a c t i o n  of stress 
generated charge wi th  s u r f a c e  s ta tes .  

Schematic of arrangement used t o  r e a c t i v e l y  s p u t t e r  
BN f i l m s .  P lugs  of 3 are imbedded i n  BN p l a t e s .  
E l e c t r i c a l  con tac t  t o  t h e  B i s  made via hidden 
stainless s tee1 p ins .  

E lec t ron  d i f f r a c t i o n  p a t t e r n  of r e a c t i v e l y  s p u t t e r e d  
BN f i l m  depos i t ed  on S i  a t  1150°C; (00.1) f i b r e  
t e x t u r e  denoted by arced  d i f f r a c t i o n  r i n g s .  

E lec t ron  micrographs from r e a c t i v e l y  s p u t t e r e d  f i l m s  
of BN on res is t ively hea ted  S i  s u b s t r a t e s ,  
(a )  Ts = 600OC; (b) Ts = 950°C, (c)  Ts = 1150OC. 
Average f i l m  th i cknesses  = 1000 8. 

I n f r a r e d  abso rp t ion  s p e c t r a  f o r  r e a c t i v e l y  s p u t t e r e d  
BN f i l m s  on S i  s u b s t r a t e s .  Strong abso rp t ion  a t  
1380 cm-1 and 810 cm-1 are l i k e l y  due t o  BN bond 
s t r e t c h i n g  (observed a l s o  i n  bulk  BN) .  

I n f r a r e d  abso rp t ion  s p e c t r a  f o r  r e a c t i v e l y  s p u t t e r e d  
f i l m s  of a mixed (A1,B)N-BN composition. The s t rong  
abso rp t ion  a t  1380 cm-I i s  r e l a t e d  t o  t h e  pure  BN 
eomponent. 

Transmit tance d a t a  (uv) f o r  r e a c t i v e l y  s p u t t e r e d  BN 
f i l m ;  th i ckness  = 3000 A. 
I/Io = 1 a t  A = 3000 w .  Data normalized so t h a t  
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T i t l e  -- Figure  Page. 
Fig .  72 Temperature dependence of d i e l e c t r i c  cons t an t  of  

r e a c t i v e l y  s p u t t e r e d  BN. 

Fig.  7 3  E lec t ron  d i f f r a c t i o n  p a t t e r n s  of r e a c t i v e l y  
s p u t t e r e d  f i l m s  which condense i n  an  amorphous 
s t a t e ;  (a) boron; (b) boron n i t r i d e .  

F ig .  7 4  Elec t ron  micrographs of r e a c t i v e l y  s p u t t e r e d  
f i l m s  which condense i n  a n  amorphous s t a t e ;  
( a )  boron; (b) boron n i t r i d e .  

F ig .  75 C-V traces of 3000 H f i l m  of r e a c t i v e l y  s p u t t e r e d  
BN on n-type S i .  The s m a l l  h y s t e r e s i s  loop i s  
t r a v e r s e d  i n  a sense  denot ing  i o n  motion. The 
i n a b i l i t y  of t h e  trace t o  r e p e a t  i t s e l f  is  
a s s o c i a t e d  w i t h  a g radua l  e r o s i o n  of t h e  counter-  
e l e c t r o d e s  under app l i ed  e l ec t r i c  f i e l d .  The f i l m  
w a s  depos i t ed  on a n  unheated s u b s t r a t e .  

F ig .  76 C-V curves  from r e a c t i v e l y  s p u t t e r e d  BN f i l m s  
prepared on S i  a t  550°C. Film th i cknesses  = 2700 w.  
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SUMMARY 

Thin f i l m s  of AlSb, A l A s  and A1P have been prepared by a 

three- temperature  reactive evapora t ion  technique,  wh i l e  f i l m s  of A l N ,  

BN and of two mixed n i t r i d e s ,  v i z . ,  (A1,Si) N and (A1,B) N ,  were depos- 

i t e d  us ing  a reactive s p u t t e r i n g  method. Reactive s p u t t e r i n g  w a s  a l s o  

used t o  produce f i l m s  of AlSb, The s t r u c t u r a l ,  o p t i c a l  and e lec t r ica l  

p r o p e r t i e s  of t h e s e  f i l m s  w e r e  examined and r e l a t e d  t o  cond i t ions  of 

depos i t i on .  

materials i n  (where a v a i l a b l e )  t h i n  f i l m ,  o r  a l t e r n a t i v e l y  bu lk ,  s i n g l e -  

c r y s t a l  form. Since A1N is  known t o  e x h i b i t  p i e z o e l e c t r i c  behavior ,  

t h i n  f i l m  t r ansduce r  s t r u c t u r e s  of t h i s  n i t r i d e  were a l s o  prepared and 

eva lua ted .  

The p r o p e r t i e s  were compared w i t h  pub l i shed  d a t a  f o r  t h e s e  

The f r e s h l y  depos i t ed  f i l m s  of AlSb were found t o  b e  s t r u c -  

t u r a l l y  and o p t i c a l l y  s i m i l a r  t o  b u l k  c r y s t a l s .  It w a s  observed, how- 

ever, t h a t  i n  t i m e s  varying from a few hours fo  several weeks, both 

s t r u c t u r a l  and o p t i c a l  p r o p e r t i e s  a l t e r e d .  The changes were caused by 

h y d r o l y s i s  of t h e  compound when exposed t o  t h e  l a b o r a t o r y  environment 

and were observed a l s o  i n  f i l m s  of A l A s  and Alp. The s t r u c t u r a l  alter- 

a t i o n  took t h e  form of a change from a w e l l - c r y s t a l l i z e d  d e p o s i t  t o  an  

amorphous-like one, t h e  change t a k i n g  p l a c e  i n i t i a l l y  a t  t h e  exposed 

s u r f a c e .  

served t o  degrade most r a p i d l y .  

of marked i n c r e a s e  of abso rp t ion  i n  t h e  v i s i b l e  and u l t r a v i o l e t .  

t r i ca l  measurements on some f i l m s  con tac t ed  w i t h  tantalum showed t h e  

presence of a s t r o n g  p h o t o v o l t a i c  e f f e c t .  

Granular  d e p o s i t s  prepared a t  e l e v a t e d  temperatures  were ob- 

O p t i c a l  change w a s  ev iden t  i n  t h e  form 

Elec- 

Measurements of t h e  s p e c t r a l  
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v a r i a t i o n  of t h i s  e f f e c t  i n d i c a t e d  t h a t  i t  a rose  from a b a r r i e r - l i k e  

phenomenon. 

band gap of AlSb and t h e  work func t ion  of tantalum. 

Analyses of t h e  d a t a  l e d  t o  reasonable  va lues  both f o r  t h e  

Spu t t e red  f i l m s  of AlSb acqui red  a h ighly  o r i e n t e d  s t r u c t u r e  

a t  temperatures  nea r  65OoC, whi le  evaporated f i lms  were only p a r t l y  

o r i en ted .  An i n v e s t i g a t i o n  of relative growth rates a t  t h e s e  tempera- 

t u r e s  showed t h e  fol lowing:  AlSb (evaporated) % 300 i /min ;  AlSb 

( spu t t e red )  2, 50 i /min.  

i d e n t i c a l  t o  t h a t  repor ted  f o r  t h e  evaporated f i l m s .  

The e f f e c t  of exposure t o  t h e  atmosphere w a s  

AlAs  f i l m s  were prepared by t h e  reactive evapora t ion  method 

and are b e l i e v e d  t o  be t h e  f i r s t  produced by t h i s  method, 

t i o n  showed t h e  f i lms  t o  c o n s i s t  mainly of t h e  bulk cubic  phase al though 

e l e c t r o n  d i f f r a c t i o n  s t u d i e s  on some Al-r ich f i lms  revea led  t h a t  sur -  

f a c e  l a y e r s  comprised a h igh ly  o r i e n t e d  w u r t z i t e  mod i f i ca t ion ,  Op t i ca l  

d a t a  were c o n s i s t e n t  w i th  i n d i r e c t  band gap of 2 .1  e V  ( i n  agreement wi th  

t h e  bulk  form). 

conduc t iv i ty  of t h e  f i l m s  w a s  dominated by a spread  of shal low impuri ty  

levels which could no t  be cha rac t e r i zed  by a s i n g l e  a c t i v a t i o n  energy, 

The change i n  p r o p e r t i e s  when exposed t o  a i r  w a s  less d r a s t i c  than  t h a t  

experienced by t h e  AlSb f i l m s ,  t h e  o p t i c a l  absorp t ion  decreas ing  a f t e r  

a prolonged exposure.  

X-ray examina- 

Electrical measurements suggested t h a t  t h e  measured 

A1P w a s  a l s o  prepared i n  t h i n  f i l m  form by t h e  r e a c t i v e  

evapora t ion  method. 

t h e  AlSb and A l A s  f i lms  l e d  t o  use of a l c o h o l - f i l l e d  con ta ine r s  t o  pro- 

t e c t  t h e  A1P f i l m  during o p t i c a l  and e l e c t r i c a l  s t u d i e s .  

Experience wi th  t h e  chemical i n s t a b i l i t y  of both 

The o p t i c a l  
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abso rp t ion  d a t a  are c o n s i s t e n t  w i t h  a compound wi th  an abso rp t ion  edge 

nea r  2.5 e V ,  a g a i n  i r  good agreement with t h e  bu lk  compound. S t r u c t u r -  

a l l y  t h e  f i l m  w a s  found t o  adopt t h e  cubic  bu lk  form possessing a weak 

(110) fi%re t e x t u r e .  The e l e c t r i c a l  r e s i s t i v i t y  s t u d i e s  suggested t h a t  

conduc t iv i ty  w a s  i n f luenced  (as  i n  t h e  A l A s  f i l m s )  by a spread of s h a 1 7 0 ~  

impuri ty  levels. 

Study of t h e  p r o p e r t i e s  of r e a c t i v e l y  s p u t t e r e d  A1N f i l m s  

comprised a cons ide rab le  p a r t  of t h e  o v e r a l l  program. The emphasis on 

t h i s  compound w a s  motivated by e x c e l l e n t  chemical s t a b i l i t y  cha rac t e r -  

i s t i c s  and by t h e  obse rva t ions  of good d i e l e c t r i c  behavior .  S t r u c t u r -  

a l l y ,  f i l m s  of A1N assumed t h e  bu lk ,  w u r t z i t e  (hexagonal; arrangement. 

E p i t a x i a l  d e p o s i t s  w e r e  prepared on s i n g l e - c r y s t a l  S i  and S i c  s u b s t r a t e s  

and s t r o n g l y  t e x t u r e d  f i l m s  on v i t r e o u s  s i l i c a .  O p t i c a l l y ,  t h e  

f i l m s  as-deposi ted i n  a high-pressure glow-discharge system showed 

abso rp t ion  c h a r a c t e r i s t i c s  w i t h  an anomalously low edge, which suggested 

t h e  p re sence  of n i t r o g e n  vacancies o r  argon occ lus ion  (a similar e f f e c t  

had been observed i n  experiments d e a l i n g  withargon annealed s i n g l e  

c r y s t a l s ) .  

temperature  w a s  r e q u i r e d  b e f o r e  t h e  bu lk  abso rp t ion  c h a r a c t e r i s t i c s  

(with a n  abso rp t ion  edge near 5.9 e V )  were observed. 

t i o n  w i t h  a low p r e s s u r e  t r i o d e  s p u t t e r i n g  arrangement y i e l d e d  f i l m s  

wi th  t h e  b u l k  p r o p e r t i e s  i n  t h e  as-deposited s ta te .  

Annealing i n  n i t r o g e n  a t  temperatures  nea r  t h e  d e p o s i t i n g  

Later experimenta- 

Refined o p t i c a l  measurements performed on both A1N and BN f i l m s  

provided r e l i a b l e  va lues  f o r  t h e  abso rp t ion  edge i n  f i l m s  of t h e s e  

materials. I n  A l N ,  EiG = 5.9 5 0.08 e V ;  i n  BN, EG = 5.7 - + .05 e V .  The 
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va lue  ob ta ined  f o r  BN is  c o n s i s t e n t  w i th  an i s o t r o p i c  form of t h e  com- 

pound. Absolute determinations of abso rp t ion  c o e f f i c i e n t  were no t  f o r t h -  

coming from t h e s e  measurements. The mosaic-like s t r u c t u r e  of t h e  A1N 

and t h e  m i c r o c r y s t a l l i n e  form of BN f a c i l i t a t e  l i g h t  s c a t t e r i n g  p rocesses  

w i t h i n  t h e  f i l m s  which produce an added " e f f e c t i v e "  abso rp t ion .  

Although A1N f i l m s  seemed u n s u i t a b l e  as semiconductors,  d i -  

e l ec t r i c  measurements i n d i c a t e d  p o s s i b l e  use  as a r e f r a c t o r y  d i e l e c t r i c .  

The room temperature  va lue  of d i e l e c t r i c  c o n s t a n t ,  E, w a s  t h a t  of t h e  

bu lk ,  8.5. Both E and t h e  d i s s i p a t i o n  f a c t o r ,  D = tan 6 ,  showed less 

v a r i a t i o n  w i t h  temperature (25" t o  35OOC) than  f o r  t h e  bulk ceramic 

material, i n d i c a t i n g  fewer conductive i m p u r i t i e s .  Observations of 

electrical breakdown and conduction behavior  showed t h a t  f i l m s ,  less 

than  1500 A t h i c k ,  demonstrated errat ic  behavior  under app l i ed  v o l t a g e .  

This  e f f e c t  w a s  a t t r i b u t e d  t o  leakage a t  g r a i n  boundaries .  Films of 

g r e a t e r  t h i c k n e s s  showed no i n s t a b i l i t y  u n t i l  f i e l d s  g r e a t e r  than 

9 x 10 

a t  low f i e l d s  were r e v e r s i b l e  and c o n s i s t e n t  w i th  a space-charge l i m i t e d  

mechanism. However, a t  h i g h e r  f i e l d s  t h e  c h a r a c t e r i s t i c s  became un- 

stable and changed i r r e v e r s i b l y .  

6 V / c m  were app l i ed .  The main f e a t u r e s  of t h e  I-V c h a r a c t e r i s t i c  

Thin f i l m  A1N t r a n s d u c e r s  were prepared by r e a c t i v e l y  s p u t t e r -  

i n g  from a high-puri ty  A 1  t a r g e t  onto f a c e s  of hea ted ,  s i n g l e - c r y s t a l  

rods of A1203. 

w a s  a long i t s  long a x i s ,  t h u s ,  a c o u s t i c  microwave p u l s e s  when app l i ed  

set up l o n g i t u d i n a l  waves i n  t h e  rod .  

e f f i c i e n c y  w a s  t h e  a b i l i t y  of t h e  A1N f i l m s  t o  a t t e n u a t e  t h e  a c o u s t i c  

The rod w a s  chosen s o  t h a t  t h e  c r y s t a l l o g r a p h i c  c-axis 

The measure of t r ansduce r  
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wave t r a i n  (a  measure of e lectromechanical  coup l ing ) .  T h i s  a b i l i t y  cle- 

pends s t r o n g l y  on f i l m  o r i e n t a t i o n ,  t h e  more n e a r l y  f i lm-subs t r a t e  

o r i e n t a t i o n s  are  s i m i l a r ,  t h e  b e t t e r  t h e  coupling. When deposi ted at 

820"C, a s t r o n g  (0001) f i b r e  o r i e n t a t i o n  i s  normally observed i n  t h e  

f i lms .  P i e z o e l e c t r i c  e v a l u a t i o n  i n d i c a t e s  performance of such € i l m s  i s  

s i m i l a r  t o  t h a t  of wel l -or iented CdS f i l m s .  

.S i  N and BN w e r e  i n t roduced ,  s e p a r a t e l y ,  i n t o  A1N f i l m s  i n  an 

e f f o r t  t o  suppress  t h e  c r y s t a l l i n e  h a b i t  of A1N ( p y r o l y t i c a l l y  depos i t ed  

3 4  

BN f i l m s  are v i r t u a l l y  amorphous). The motivat ion w a s  t h e  s t a b i l i z a t i o n  

of f i l m s  t h i n  enough t o  y i e l d  r easonab le  v a l u e s  of capac i t ance  without 

having t o  r e s o r t  t o  l a r g e  area e l e c t r o d e s  ( t h e  A1N v a l u e s  f o r  capaci-  

t ance  p e r  u n i t  area are 0.04 vF/cm2 f o r  a 2000 l a y e r ) .  

Mixed f i l m s  of t h e  A1N-BN mixture  were r e a c t i v e l y  co-sputtered 

from aluminum and boron t a r g e t s .  The experiments on t h e s e  f i l m s  must 

be regarded as on ly  p a r t l y  s u c c e s s f u l .  Some r e d u c t i o n  of c r y s t a l l i n i t y  

could be achieved i n  a l l  d e p o s i t s ,  the s t r u c t u r e  becoming more amorphous- 

l i k e  as t h e  BN con ten t  i nc reased  ( f i l m s  con ta in ing  about 40% BN, however, 

w e r e  n o t  y e t  t r u l y  amorphous). Furthermore, d e p o s i t s  prepared a t  temper- 

a t u r e s  between 600" and 900°C showed l i m i t e d  s o l u b i l i t y  of BN i n  A l N ,  

%6-7%, r e s u l t i n g  i n  a c r y s t a l l i n e  A1N-like phase.  The s o l u b i l i t y  w a s  

e s t ima ted  from t h e  sh r inkage  of t h e  o r i g i n a l  A1N ce l l .  The o v e r a l l  

boron con ten t  of t h e  f i l m s  was determined by e l e c t r o n  microprobe measure- 

ments. Thus, u n l e s s  t h e  f i l m s  contained a very h igh  p ropor t ion  of BN 

(>50%) completely amorphous s t r u c t . u r e s  were n o t  forthcoming; t h e  very 

high-proportion BN f i l m s ,  i t  i s  assumed, would r e f l e c t  t h e  BN p r o p e r t i e s  



r a t h e r  t h a n  t h o s e  of A l N .  When measurements of d i e l e c t r i c  cons t an t  and 

l o s s  w e r e  made at room temperature  on mixed d e p o s i t s  (25% atomic weight 

boron) ,  t h e  r e s u l t s  were E % 6.9 + - 0.3, a va lue  as might be expected 

f o r  a mixed f i l m .  D i s s i p a t i o n  f a c t o r  D,  had inc reased  ove r  t h a t  f o r  

pu re  A l N ,  t h e  v a l u e  (100 kHz) being 0.035. Breakdown f i e l d s  are found 

t o  exceed 5 x 1 0  

av 

6 V / c m .  

Seve ra l  experiments u t i l i z i n g  a MIS c o n f i g u r a t i o n  were per- 

formed t o  observe conduction behavior  d i f f e r e n c e s  of t h e  mixed (A1,B)N 

f i l m s  from t h o s e  of pu re  A1N when s u b j e c t e d  t o  an  e lec t r ic  f i e l d .  I n  

t h e  la t ter ,  a p p l i c a t i o n  of a f i e l d  r e s u l t e d  i n  what appears  t o  b e  t h e  

motion o f  bo th  p o s i t i v e  and n e g a t i v e  i o n s .  

t h a t  t h e  A1N f i l m  is  p o l a r i z a b l e  and t h a t  t h e  degree and d i r e c t i o n  of 

t h e  p o l a r i z a t i o n  are determined by t h e  magnitude of t h e  sweep vo l t age .  

Since t h e  A1N s t r u c t u r e  i s  p i e z o e l e c t r i c ,  one s u s p e c t s  t h e  p o l a r i z a t i o n  

as being stress induced. I n  mixed (A1,B)N f i l m s ,  t h e  p o l a r i z a t i o n  be- 

h a v i o r  is  n o t  appa ren t ,  i n t e r f a c e  charge i n s t e a d  being r e s p o n s i b l e  f o r  

t h e  sense  i n  which t h e  C-V loop is t r a v e r s e d .  

An a l t e r n a t e  exp lana t ion  i s  

Films of t h e  A1N-Si N mixture  were r e a c t i v e l y  co-sputtered 

from cathodes w i t h  nominal A1:Si r a t i o s  of 6 : l  and l:le The behavior  

of t h e  former d i f f e r e d  only s l i g h t l y  from t h e  pu re  A1N f i l m s  showing 

s imilar  o p t i c a l  and electrical p r o p e r t i e s ,  

la t ter  cathode,  however, assumed ap almost amorphous s t r u c t u r e  and com- 

p l e t e l y  r e v e r s i b l e  I-V c h a r a c t e r i s t i c s  which d i sp layed  a t r a p  in -  

f l uenced  space-charge l i m i t e d  behavior .  

errat ic  and demonstrated an added d i s p e r s i o n  w i t h  frequency. 

3 4  

Films prepared from t h e  

Dielectric p r o p e r t i e s  were more 
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Depos i t ion  of BN a lone  w a s  next  s t u d i e d ,  bo th  t o  a s c e r t a i n  

t h e  p r o p e r t i e s  of  t h e  pu re  phase r e l a t i v e  t o  t h a t  of mixed (A1,B)N and 

t o  compare such f i l m s  t o  o t h e r s  r epor t ed  i n  t h e  l i t e r a t u r e .  The re- 

act ive s p u t t e r i n g  technique  w a s  a g a i n  used. I n  t h e s e  experiments ,  t h e  

cathode comprised p lugs  of boron imbedded i n  a BN ma t r ix .  

S t r u c t u r a l l y ,  t h e  f i l m s  were m i c r o c r y s t a l l i n e  ( c r y s t a l  s i z e  
0 

< 50 A ) .  I n i t i a l l y ,  t h e  d i e l e c t r i c  p r o p e r t i e s  dev ia t ed  apprec i ab ly  from 

those  of t h e  bulk .  Much of  t h i s  w a s  l a t e r  t r a c e d  t o  i n t e r a c t i o n  between 

f i l m  and s u b s t r a t e .  When tantalum w a s  used as t h e  bottom e l -ec t rode ,  

f i l m s  o f  BN r e t a i n e d  good va lues  of E, i . e . ,  3 .7  .5 E 5 5.1. These 

va lues  compare f avorab ly  w i t h  bo th  p y r o l y t i c a l l y  depos i ted  f i l m s  

(E = 5.1) and h o t  p re s sed  bulk  BN (E = 3 . 9 ) .  When plat inum w a s  used a s  

t h e  bottom e l e c t r o d e ,  v a l u e s  of E v a r i e d  from 0.8 t o  1 .5 .  The e f f e c t  

became p rogres s ive ly  worse as t h e  temperature  dur ing  d e p c s i t i o n  w a s  

r a i s e d .  When t h e  temperature  w a s  s u f f i c i e n t l y  h igh ,  % 8 C O o C ,  a Pt-B 

phase w a s  l i k e l y  f o r r e d .  (The fo rma t i cn  of "Pt-B" i s  p a r t l y  i n d i c a t i v e  

of a r e l u c t a n c e  of bcron  t o  conver t  f u l l y  t o  BN and sugges t s  t h a t  even 

i n  t h e  d e p o s i t s  prepa.red on T a  e l e c t r o z e s  a n o n - s t o i c h i o r e t r i c ,  boron- 

r i c h ,  n i t r i d e  may ex is t .  An a p p r e c i a b l e  s o l i d  s o l u t i o n  c f  boron i n  T a  

i s  a l s o  known t o  e x i s t  i n  samples quenched above 1000°C.) The b e s t  

f i l m s  prepared  by r e a c t i v e l y  s p u t t e r i n g  boron i n  a n  argon-ni t rogen mix- 

t u r e  show very  l i t t l e .  change of E wi th  temperature  between 20" and 

500°C. The va r i a t ion .  is  less than  t h a t  observed i n  t h e  bulk .  When t h e  

d i s s i p a t i o n  f a c t o r  w a s  measured, room temperature  va lues  ranged con- 

s i s t e n t l y  between 0.02 and 0.07 ( f i l m  th i cknesses  between 1000 and 

5000 A ) .  These v a l u e s  are cons iderably  g r e a t e r  t han  those  r epor t ed  
0 
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f o r  t h i c k  p y r o l y t i c  d e p o s i t s ,  e .g . ,  i n  75-100 urn d e p o s i t s ,  D 2 1 . 4  

x 

on Cu and Mo, v i z . ,  .003 < D < .01. When t h i c k e r  s p u t t e r e d  d e p o s i t s  

were prepared (1-3 vm)  on T a ,  va lues  of D decreased,  D < .005. 

b u t  compare more favorably wi th  t h i n  p y r o l y t i c  d e p o s i t s  (5000 l) 

Deposi ts  prepared on s i l i c o n  i n  t h e  MIS c o n f i g u r a t i o n  i n d i c a t e  

t h a t  i o n  motion i s  a s s o c i a t e d  wi th  t h e  d i e l e c t r i c  l a y e r .  

evidence i s  c i r c u m s t a n t i a l ,  t h e  presence of unreacted boron is  a g a i n  

suspec ted .  

Although t h e  
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1. INTRODUCTION 

Comparative s t u d i e s  of t h e  p repa ra t ive  a s p e c t s  and of t h 2  

s t r u c t u r a l ,  e l e c t r i c a l .  and o p t i c a l  p r o p e r t i e s  of f i lms  of member 

compounds of  t h e  A1-V group were t h e  primary o b j e c t i v e s  of t h i s  program. 

Encouraging r e s u l t s  from t h e  most r e f r a c t o r y  member of t h e  group, v i z . ,  

A l N ,  l a t e r  f o s t e r e d  inc reased  i n t e r e s t  i n  a boron analogue of  t h i s  

compound, i .e . ,  BN, which appeared t o  possess  s i m i l a r  o p t i c a l  and 

e l e c t r i c a l  p r o p e r t i e s .  

The A1-V compounds r ep resen t  a p a r t i c u l a r l y  i n t e r e s t i n g  group 

because of t h e  broad range of e lectr ical  and o p t i c a l  p r o p e r t i e s  covered 

by i t s  members. 

t o  t h a t  of  S i  and a s p e c t r a l  response which is  almost  a t h e o r e t i c a l  

match t o  t h e  s o l a r  spectrum. Light  emissive j u n c t i o n s  wi th  f requencies  

i n  t h e  v i s i b l e  and u l t r a v i o l e t  appear  f e a s i b l e  w i t h  Alp .  A l N ,  w i t h  a 

band gap g r e a t e r  t han  S i c  seems s u i t a b l e  as an i n s u l a t i n g  coa t ing  f o r  

i n t e g r a t e d  c i r c u i t r y  provid ing  bo th  mechanical and environmental  p r o t e c t i o n .  

U s e  as a c a p a c i t i v e  l a y e r  i n  a c t i v e  and pass ive  t h i n  f i l m  devices  i s  

a l s o  contemplated f o r  t h i s  compound. Some c o l l e c t e d  bulk  p r o p e r t i e s  

of t h e  v a r i o u s  compounds are g iven  i n  Table I. 

AlSb, f o r  example, possesses  an energy gap comparable 

O f  t h e  A1-V group, only A1N and AlSb have been s t u d i e d  t o  

any e x t e n t .  The d i f f i c u l t y  of p repa ra t ion  ( a l l  of t h e  compounds m e l t  

only i n  an overpressure  of  t h e  Group V element) making melt-growth and 
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zone r e f i n i n g  techniques d i f f i c u l t  t o  apply, and t h e  chemical i n s t a b i l i t y  

of s e v e r a l  of t h e  members (Alp r e a c t s  r e a d i l y  i n  moist  a i r  and is  a 

known gene ra to r  of phosphine (Ref. 1 )  ; A l A s  (Ref. 2) and AlSb (Ref. 3) 

d e t e r i o r a t e  r a p i d l y  on exposure t o  a normal atmospheric environment) 

have l i m i t e d  t h e  s c i e n t i f i c  i n v e s t i g a t i o n .  

I n  i t s  bu lk  form, A1N has  been used f o r  many r e f r a c t o r y  

purposes , .  e . g . ,  f o r  c r u c i b l e s ,  fu rnace  w a l l s ,  e tc .  (Ref. 4 ) .  F a b r i c a t i o n  

of such components i s  by hot-pressing A1N powder w i t h  an  o rgan ic  binder  

and s i n t e r i n g .  I n  t h i s  form i t  is s i m i l a r  t o  p o l y c r y s t a l l i n e  alumina 

(Ref. 5) r ega rd ing  d i e l e c t r i c  p r o p e r t i e s ,  e .g . ,  €CAIN) = 8.5; 

€(A1 0 ) = 9.0.  

high temperatures  b u t  can be a t t a c k e d  by concen t r a t ed  s o l u t i o n s  of NaOH. 

The compound i s  chemically resistant t o  o x i d a t i o n  a t  2 3  

More b a s i c  i n t e r e s t  i n  t h e  A1N has  been generated i n  r ecen t  

y e a r s  as p r e p a r a t i v e  techniques have improved. Small s i n g l e  c r y s t a l  

p l a t e l e t s ,  prepared mainly by t h e  n i t r i d i n g  of A 1  vapor i n  N 

temperatures  between 1800" and 2200"C, have been used f o r  fundamental 

i n v e s t i g a t i o n s  of  o p t i c a l  a b s o r p t i o n  behavior  (Ref. 6), la t t ice  

a t  2 

v i b r a t i o n  s p e c t r a  (Ref. 7), and of d e f e c t  s t r u c t u r e  (Ref. 8 , 9 ) .  Such 

c r y s t a l s  tend t o  b e  both small i n  area (Q 1 mm ) and co lo red  by impuri ty  2 

components, t h e  most common being oxygen o r  carbon (Ref. 5) .  E f f o r t s  

t o  i n c r e a s e  s i z e  and improve p u r i t y  and t o  adapt  t h e  material t o  a 

form s u i t a b l e  f o r  use i n  modern m i c r o c i r c u i t  technology have r e s u l t e d  

i n  t h e  p r e p a r a t i o n  of A1N by numerous vapor d e p o s i t i o n  schemes. These 

inc lude :  3 

decomposition of A l C l  (Ref. l l ) ,  chemical t r a n s p o r t  of A1N via 

hydrogen and ammonia h a l i d e s ,  (Ref. 12)  and reactive evaporat ion 

t h e  p y r o l y s i s  of A l C l  and h'H3 (Ref. l o ) ,  t h e  plasma a s s i s t e d  

3 
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(Ref. 13,14) and reactive s p u t t e r i n g  of A 1  (Ref. 15 ) .  In g e n e r a l ,  

cons ide rab le  success  has been achieved by t h e s e  techniques.  Oriented 

d e p o s i t s , o f t e n  e p i t a x i a l ,  have been prepared on several s u b s t r a t e s  

(Ref. l 0 , 1 5 ) .  D i e l e c t r i c  p r o p e r t i e s  of r e a c t i v e l y  s p u t t e r e d  and 

chemically depos i t ed  f i l m s  e x h i b i t  l i m i t e d  d i s p e r s i o n  over a wide temp- 

e r a t u r e  range,  20"-350"C (Ref. 15,16) .  These d a t a  imply f i l m  p u r i t y  

b e t t e r  t han  t h a t  o b t a i n a b l e  i n  t h e  hot-pressed bu lk  A1N. 

prepared by reactive evaporat ion (Ref. 13)  have r e c e n t l y  been used as 

microwave a c o u s t i c  t r ansduce r s  (A1N is  p i e z o e l e c t r i c  as a consequence 

of a w u r t z i t e  s t ruc tu re - space  group C4 ). 

p a r t i c u l a r  a p p l i c a t i o n  where room temperature  t r ansduce r  performance 

may be extended t o  temperatures  g r e a t e r  than 400°C. 

A1N f i l m s  

Great i n t e r e s t  r e s i d e s  i n  t h i s  6v 

AlSb has  been prepared i n  bo th  bu lk  and t h i n  f i l m  form. The 

former is achieved by p u l l i n g  techniques (Ref. 17,18) u t i l i z i n g  

antimony seeds  and aluminum m e l t s  o r  by f loat-zone methods (Ref. 19) .  

P-type i n g o t s  are most common. Vacuum evapora t ion  techniques (Ref. 20,21) 

have a l s o  been used t o  p r e p a r e  t h i n  f i l m s  of AlSb. Co-evaporation of t h e  

s e p a r a t e  elements is  by f a r  t h e  favored method s i n c e  d i r e c t  evaporat ion 

of a powdered charge t ends  t o  decompose, t h e  v o l a t i l e  Group V element 

evapora t ing  o r  subliming more r a p i d l y .  

Some success  i n  p r e p a r a t i o n  of l a r g e  area d e p o s i t s  of A1P 

has  been achieved by t h e  u s e  of chemical methods similar t o  t h o s e  used 

f o r  A l N ,  i .e . ,  t h e  heterogeneous r e a c t i o n  of a v o l a t i l e  Al-halide wi th  

a group V vapor a t  t h e  s u r f a c e  of a hea ted  s u b s t r a t e .  Reid,  et  a l .  

(Ref. 22) found t h a t  t h e  i o d i d e  of aluminum i s  t o  be p r e f e r r e d  i n  t h e  
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e p i t a x i a l  growth of A 1 P  on s i l i c o n  o r  GaAs s i n c e  t h e  t r a n s p o r t  of t h e  

aluminum can thus  be  e f f e c t e d  a t  a lower temperature  than by use of a 

chlori.de c a r r i e r .  A lower source  temperature  i s  p r e f e r r e d  t o  prevent  

contaminat ion v i a  r e a c t i o n  wi th  t h e  w a l l s  of t h e  s i l i c a  r e a c t i o n  chambers 

which are normally used. Other p repa ra t ions  have u t i l i z e d  the  d i r e c t  

r e a c t i o n  between aluminum and phosphorus (Ref. 1) o r  phosphine (Ref. 21” 

o r  t h e  h e a t i n g  of a s t o i c h i o m e t r i c  mixture of aluminum and z i n c  phosphide 

(Ref. 2 4 ) .  I n  t h e s e  r e a c t i o n s ,  however, t h e  r e s u l t i n g  products  gene ra l ly  

comprise s m a l l  c r y s t a l s  i n  an aluminum matrix. 

A l A s  i s  perhaps t h e  most d i f f i c u l t  of t h e  A1-V compounds t o  

p r e p a r e  i n  bulk  form. 

one invo lv ing  t h e  melt-container  r e a c t i o n .  Limited success  has  been 

achieved by c r y s t a l l i z a t i o n  from s o l u t i o n  a t  an a r s e n i c  p re s su re  less 

than 1 a t m .  by slow cool ing  an aluminum r i c h  m e l t  ( R e f .  2 5 )  (alumina 

c r u c i b l e s  are p r e f e r r e d ) .  Small c r y s t a l  p l a t e l e t s  (p-type) i n  a ma t r ix  

of so lven t  are t h e  products  of t h i s  r e a c t i o n .  Impur i t i e s  i nc lude  alumina 

from t h e  c r u c i b l e .  C r y s t a l l i z a t i o n  by a c a s t i n g  technique a t  an a r s e n i c  

p re s su re  of 2 a t m  has a l s o  produced the compound (Ref. 25) as has  d i r e c t  

hea t ing  of aluminum and a r s e n i c  i n  s e a l e d  ampoules (Ref. 27,28). No 

re fe rence  t o  t h i n  f i l m s  of A l A s  were uncovered dur ing  a l i t e r a t u r e  

survey of t h e  compound. 

The main d i f f i c u l t y  appears  t o  be a technologica l  

BN, in t roduced  a t  a l a t e r  S tage  of t h e  i n v e s t i g a t i o n ,  is  another  

r e f r a c t o r y  material which i n  bulk  form is  used t o  f a b r i c a t e  c r u c i b l e s .  

It possesses  both h igh  thermal conduc t iv i ty  and low thermal  expansion 

(Ref. 2 9 ) .  I t  i s  l e s s  b r i t t l e  than A 1 N  and i s  i n e r t  t o  most reagents  

even a t  h igh  temperatures .  A s  w i th  AlN,preparat ion of t h e  bulk i s  
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usually by hot-pressing a powder together with binding and fluxing 

agents. Purity of the compound is thus limited and physical and 

electrical properties are degraded. The pyrolytic reactions of ammonia 

with either the hydride (Ref. 30) or chloride (Ref. 31) of boron have 

also been used to prepare BN. 

reasonably high purity and exhibits dielectric properties (E = 5.12, 

D = 1.4 x (Ref. 3 2 ) ,  which are more uniform and more representative 

of BN than those of the hot-pressed material. There is relatively little 

reported on thin films of BN. Data reported for pyrolytically prepared 

films indicate considerable variations of conductivity and stability 

with temperature of deposition. 

also prevalent (Ref. 30) since temperatures between 600" and 1400°C are 

required to promote reaction. The very high temperatures sometimes 

required, in fact, place severe limitations on available substrates. 

The aim of the present experiments regarding BN deposition was to explore 

deposition by reactive sputtering using apparatus and technology 

developed for the study on reactively sputtered A1N (Ref. 15). Reaction 

at low temperatures was anticipated from the earlier A1N results 

which should be more compatible with temperature limitations of semi- 

conductor device technology. 

been studied and potential MIS devices using EN as the insulating dielectric 

were examined. 

Bulk pyrolytic BN so prepared is of 

Doping of Si substrates with boron is 

Dielectric and optical properties have 

The authors wish to thank Drs. W. J. Choyke, J. DeKlerk, 

J. E. Johnson, and W e  J. Takei for specialized technical assistance 

rendered during the course of the investigation. 
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During t h e  course  of t h e  Conzract s e v e r a l  p u b l i c a t i o n s  were 

i s sued  w i t h  t h e  permiss ion  of NASA-ERC. These inc luded ,  " D i e l e c t r i c  

P r o p e r t i e s  of Reac t ive ly  Sput te red  Films of Aluminum Ni t r ide" ,  .I. Vac. 

S c i .  Technol. ,  - 6 ,  1969, pp. 194-7 and " S t r u c t u r a l ,  Op t i ca l  and D i e l e c t r i c  

P r o p e r t i e s  of Reac t ive ly  Spu t t e red  F i l m s  i n  t h e  System A1N-BN", J .  Vac. 

S c i .  Technol . ,  - 6 ,  1969, pp. 722-6. 
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2. EVAPORATED FILM3 

2.1 Aluminum Antimonide (AlSb) 

2 .1 .1  P r e p a r a t i o n  - E s s e n t i a l l y  t h e  same approach w a s  used t o  p repa re  

f i l m s  of AlSb as t h a t  desc r ibed  by Johnson (Ref.20) and by David e t . a l .  

(Ref .21) .  However, t h e  geometry of t h e  d e p o s i t i o n  system was modified 

i n  o r d e r  t o  o b t a i n  more f i l m  samples i n  a s i n g l e  pump-down. An aluminum 

m e t a l  charge (99.998%) w a s  conta ined  i n  a BN c r u c i b l e  which w a s  mounted 

i n  a r e s i s t i v e l y  hea ted  tan ta lum h o l d e r  (Fig.  1A). The antimony, i n  t h e  

form of  s m a l l  lumps, w a s  d i s t r i b u t e d  uniformly around a r e s i s t i v e l y  hea ted  

c i r c u l a r  V-shaped t rough made from 5 m i l  tantalum s h e e t .  Quartz s h i e l d s  

w e r e  provided so t h a t  t h e  antimony source  w a s  s h i e l d e d  from t h e  aluminum 

and t h e  vapor mix tu re  could ex i t  p r imar i ly  through an  a p e r t u r e  a t  t h e  top  

of  t h e  r e a c t i o n  chamber. S u b s t r a t e s ,  conta ined  i n  r e s i s t i v e l y  hea ted  

tan ta lum envelopes w e r e  mounted on a s e c t o r e d  wheel (F ig .1B)  which 

could b e  r o t a t e d  e x t e r n a l l y  s o  as t o  b r i n g  them s e q u e n t i a l l y  over  t h e  

a p e r t u r e .  Excess vapor which bypassed t h e  s u b s t r a t e s  w a s  c o l l e c t e d  i n  a 

tantalum canopy clamped t o  a l i q u i d  n i t r o g e n  t r a p  above t h e  r e a c t i o n  chamber. 

V i e w s  of t h e  complete system are shown i n  Figs .  2 and 3. 

C a l i b r a t i o n  curves  of  s u b s t r a t e  temperature  (measured a t  t h e  

f r o n t  f a c e  of q u a r t z  s u b s t r a t e s )  vs. h e a t e r  c u r r e n t  w e r e  p l o t t e d  f o r  

s u b s t r a t e s  hea ted  i n  t h e  tantalum envelopes.  The antimony and aluminum 

s o u r c e  temperatures  w e r e  measured d i r e c t l y  dur ing  each run  wi th  a 

thermocouple and o p t i c a l  pyrometer,  r e s p e c t i v e l y .  The s u b s t r a t e  temperatures  
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Fig. 1A Schematic of system for eo-evaporation of AlSb 
films, (a) front elevation of reaction chamber. 
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Fig ,  1 B  (b) plan v i e w  of mounting system used f o r  
s e q u e n t i a l  exposure of f o u r  s u b s t r a t e s .  
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Fig. 2 System for growth of AlSb  films by three temperature 
evaporation methods. 
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ranged from 500 t o  750°C, antimony source  temperature from 495OC 

!V.P. 2 x 10 t o r r )  t o  540°C (V.P. loe2 t o r r ) ,  and t h e  r;luminum 

temperature w a s  h e l d  cons t an t  a t  1200°C. A s imple c a l c u l a t i o n  based 

on t h e s e  vapor p r e s s u r e  values  and on t h e  geometry of t h e  s y s t e m  

i n d i c a t e s  t h a t  t h i s  range of Sb s o u r c e  temperatures should correspond 

t o  an i d e a l  range of Sb/A1 vapor f l u x  r a t i o s  

with an Sb s o u r c e  temperature  of 520°C and s u b s t r a t e  t e m p e r a t u r e  of 

6 O O 0 C ,  a growth ra te  of about 300 w p e r  minute w a s  ob ta ined .  

used included (111) c r y s t a l s  of CaF2, (0001) o r i e n t e d  sapph i re  (A1203> 

c r y s t a l s ,  (111) s i l i c o n  wafers  and v i t r e o u s  s i l i c a  ( q f t e n  coated with 

s p u t t e r e d  T a  t o  f a c i l i t a t e  e l e c t r i c a l  measurement). 

-3 

of 4 t o  1. Tvp ica l ly ,  

S u b s t r a t e s  

2.1.2 - S t r u c t u r a l  P r o p e r t i e s  - When e f f o r t s  w e r e  made t o  examine 

t h e  c r y s t a l l i n i t y  and o r i e n t a t i o n  of t h e  AlSb f i l m s  using r e f l e c t i o n  

e l e c t r o n  d i f f r a c t i o n , ,  meaningful r e s u l t s  were n o t  ob ta ined  s ince t h e  

p a t t e r n $  y i e l d e d  only d i fSuse  d i f f r a c t i o n  f e a t u r e s  c g n s i s t e n t  w i t h  an 

amorphous s u r f a c e  s t r u c t u r e .  To o b t a i n  a more r e p r e s e n t a t i v e  cha rac t e r -  

i z a t i o n  of t h e  e n t i r e  f i l m ,  t h e  d e p o s i t s  were s t u d i e d  by glancing-angle 

X-ray d i f f r a c t i o n  us ing  a P h i l i p s  powder camera. The r e s u l t s  showed t h a t  

i n  each c a s e ,  d e s p i t e  t h e  amorphous s u r f a c e  l a y e r ,  t h e  f i l m s  immediately 

a f t e r  p r e p a r a t i o n  possessed w e l l - c r y s t a l l i z e d ,  and i n  many cases, 

s t r o n g l y  o r i e n t e d  s t r u c t u r e s .  

Most of t h e  samples examined were s ingle-phase wi th  t h e  cubic  

z inc  blende type s t r u c t u r e  of AlSb. 

w a s  p r e s e n t ,  t h i s  w a s  i d e n t i f i e d  as A 1  and i t s  appearance could b e  

accounted f o r  by t h e  f a c t  t h a t  t h e  Sb s o u r c e  w a s  dep le t ed  o r  t h a t  i t s  

I n  those  cases where a second phase 
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temperature  had f a l l e n  during t h e  run. I n  c o n t r a d i c t i o n  t o  t h e  claims 

of David e t .  a l .  (Ref.21) who r epor t ed  free Sb i n  f i l m s  depos i t ed  a t  temp- 

e r a t u r e s  below 650"C, no uncombined Sb w a s  d e t e c t e d  i n  t h e  p r e s e n t  s tudy  

even a t  550°C. This is  c o n s i s t e n t  both w i t h  t h e  ear l ier  work of 

Johnson (Ref.20) i n  t h e s e  l a b o r a t o r i e s  and wi th  t h e  f i n d i n g s  of 

Gunther (Ref.33) who r e p o r t s  400°C as t h e  lowest condensat ion temperature  

f o r  Sb on InSb. 

S t r u c t u r e s  varying from randomly o r i e n t e d  t o  almost completely 

e p i t a x i a l  were obtained on t h e  (111) f a c e  of CaF2. 

and (110) f i b e r  o r i e n t a t i o n s  were produced on amorphous q u a r t z  s u b s t r a t e s  

and, as shown i n  Table 11, t h e s e  appear t o  vary markedly i n  type  wi th  t h e  

temperature  of d e p o s i t i o n .  S imi l a r  e f f e c t s  are found i n  both evaporated 

G e  f i l m s  (Ref.34) and i n  s p u t t e r e d  (Ref.35) and co-evaporated (Ref.36) GaAs 

f i l m s  depos i t ed  on v i t r e o u s  s i l i c a .  

Very s t r o n g  (111) 

2.1.3 O p t i c a l  S tud ie s  - Absorption s p e c t r a  f o r  AlSb f i l m s  depos i t ed  

a t  from 600 t o  700°C on to  CaF2 o r  s a p p h i r e  were a l s o  s t u d i e d .  

were made w i t h  a Cary spectrophotometer ove r  a wavelength range 1900 

t o  20,000 x.  
t h e  va r ious  p r e p a r a t i o n s ,  except  f o r  a n t i c i p a t e d  th i ckness  dependences. 

P o r t i o n s  of t h e  s p e c t r a  from s e v e r a l  f i l m s  are p l o t t e d  i n  Fig.  4. Data 

i n  t h i s  f i g u r e  have been p l o t t e d  only f o r  t hose  r eg ions  where t h e  

t r ansmiss ion  i s  less than  lo%, f o r  which e f f e c t s  due t o  s u r f a c e  contam- 

i n a t i o n  and o x i d a t i o n  are least s i g n i f i c a n t  (Ref.37). Resu l t s  from 

t h o s e  samples e x h i b i t i n g  s t r o n g  i n t e r f e r e n c e  p a t t e r n s  nea r  t h e  1.6 e V  edge 

Measurements 

N o  s i g n i f i c a n t  d i f f e r e n c e  i n  t h e  s p e c t r a  w a s  noted f o r  

w e r e  n o t  i nc luded .  
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Fig .  4 Absorption s p e c t r a  of AlSb f i l m s  ( s i g n i f i c a n t  f e a t u r e s  
found by r e f l e c t a n c e  s p e c t r a  are i n d i c a t e d  by t h e  
arrows,  i nc lud ing  t h e  band-gap va lue  of 1 . 6  eV). 
Samples 2-197-3 and 2-199-1 are on CaF2; 2-197-4 i s  
on sapphi re .  
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The s i n g l e  f e a t u r e  most prominent i n  t h e  s e v e r a l  r eg ions  of 

t h e  s p e c t r a  i s  t h a t  t h e  s e v e r a l  peaks observable  a t  ene rg ie s  g r e a t e r  than 

t h e  1.6 e V  a b s o r p t i o n  edge are a l l  a t  ene rg ie s  less by about 0 . 1  e V  than 

t h o s e  t a b u l a t e d  from r e f l e c t a n c e  measurements on s i n g l e  c r y s t a l s .  This 

d i f f e r e n c e  could b e  due i n  p a r t  t o  t h e  d i f f e r e n c e  i n  abso rp t ion  versus  

r e f l e c t i o n  measurements and a l s o ,  i n  p a r t ,  due t o  t h e  e f f e c t s  of 

i m p u r i t i e s  and s t r u c t u r a l  d i s o r d e r  on the  band s t r u c t u r e  of t h e  material  

(Ref.  37 ) . The a b s o r p t i o n  a t  ene rg ie s  just below t h e  fundamental 1.6 eV 

edge a l s o  show added components which a r e  due t o  states w i t h i n  t h e  

forbidden gap. 

When AlSb f i l m s  w e r e  allowed t o  age,  they soon became v i s i b l y  

da rke r  and more opaque. I n  t h i s  s ta te ,  some w e r e  re-measured. A 

t y p i c a l  obse rva t ion  w a s  t h a t  made on sample  2-197-4, t h e  o r i g i n a l  absorp- 

t i o n  spectrum of which i s  given i n  F ig .  4 .  A f t e r  s e v e r a l  months s t o r a g e  

i n  a n i t r o g e n  box, t h e  spectrum w a s  similar b u t  a 1% transmiss ion  s e r e e n  

w a s  r e q u i r e d  i n  t h e  r e f e r e n c e  compartment of t h e  spectrophotometer .  Thus, 

a r e d u c t i o n  i n  t r ansmiss ion  t o  ?.1% of t he  earlier v a l u e  had occurred.  

2 . 1 . 4  Chemical S t a b i l i t y  - A s  shown by t h e  change i n  o p t i c a l  

p r o p e r t i e s  r e f e r r e d  to  above, t h e  AlSb f i l m s ,  even when grown a t  thick-  

nesses  up t o  several microns,  are h i g h l y  uns t ab le ;  Sorokin (Ref. 38) 

r e p o r t s  n o t a b l e  changes i n  r e s i s t i v i t y  and photoconduct ivi ty  on removal from 

t h e  vacuum chamber. E f f o r t s  w e r e  made t o  determine t h e  c h a r a c t e r  of t h e  

chemical and s t r u c t u r a l  changes invollred b u t  t h e s e  m e t  w i th  l i m i t e d  success .  

Glancing a n g l e  X-ray d i f f r a c t i o n  p a t t e r n s  were obtained from 

f i lms  prepared on cleaved CaF and on v i t r e o u s  s i l i c a  s u b s t r a t e s  a t  

t i m e s  varying from a few hours t o  s e v e r a l  weeks a f t e r  t h e  samples had 

2 
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been prepared.  

complete s t r u c t u r a l  deg rada t ion  could occur  i n  t i m e s  varying from about 

t h r e e  days t o  two weeks depending upon t h e  s u b s t r a t e  material and growth 

temperature  used. The e f f e c t  observed involved t h e  t r ans fo rma t ion  from 

a w e l l - c r y s t a l l i z e d  s i n g l e  AlSb phase t o  an amorphous product  which 

could n o t  b e  i d e n t i f i e d  by X-ray d i f f r a c t i o n .  

a t  250°C of t h e  amorphous f i l m s  i n  an argon (1% H ) ambient caused s e v e r e  

p e e l i n g  and r e s u l t e d  i n  t h e  development of a c r y s t a l l i n e  Sb phase,  some 

amorphous material s t i l l  remaining. It  w a s  concluded t h a t  t h i s  amorphous 

component w a s  probably an anhydrous, o r  poss ib ly  hydra t ed ,  oxide of A l .  

The r e s u l t s  obtained d i f f e r e d  widely and showed t h a t  

Low temperature  anneal ing 

2 

The wide d i f f e r e n c e s  found i n  t h e  rate at: which t h e  f i l m  

s t r u c t u r e s  d e t e r i o r a t e d  may b e  a t t r i b u t e d  t o  d i f f e r e n c e s  i n  t h e  mor- 

phology of t h e  f i l m s .  I n  g e n e r a l ,  t hose  d e p o s i t s  prepared a t  h i g h e r  

temperatures  w e r e  more g r a n u l a r  and rougher and showed a tendency t o  

degenerate  more r a p i d l y  due presumably t o  t h e i r  l a r g e r  e f f e c t i v e  s u r f a c e  

area - 
2.1.5 Elec t r ica l  S t u d i e s  - AlSb f i l m  samples co-evaporated a t  a 

temperature  of 6OO0C, a nominal Sb:A1 f l u x  r a t i o  of 5:1, and a t o t a l  

d e p o s i t i o n  rate of 300 A/min onto v i t r e o u s  s i l i c a  s u b s t r a t e s  c a r r y i n g  

m e t a l  f i l m  e l e c t r o d e s  were used t o  i n v e s t i g a t e  some e lec t r ica l  p r o p e r t i e s .  

I n i t i a l l y ,  measurements w e r e  made under vacuum on a f i l m ,  4 microns t h i c k ,  

depos i t ed  on s p u t t e r e d  T a  s t r i p e s .  

were very h i g h ,  > 10  ohms, and showed a s m a l l  and unsystematic  

dependence on temperature .  It  appeared t h a t  t h e  h igh  r e s i s t a n c e  w a s  

probably due t o  a b a r r i e r  l a y e r  a t  t h e  Ta/AlSb c o n t a c t .  

Res i s t ances  measured between s t r i p e s  

10 
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This  hypothes is  was confirmed when i t  w a s  found t h a t  a photo- 

vo l tage  of s e v e r a l  m i l l i v o l t s  (open c i r c u i t )  could b e  developed by 

sh in ing  a microscope i l l u m i n a t o r  on t h e  sample. The s t r o n g e s t  photo- 

response came when t h e  l i g h t  w a s  shone onto t h e  AlSb d i r e c t l y  over  one 

of t h e  e l e c t r o d e s .  

The l i g h t  energy dependence of t h e  pho tovo l t a i c  e f f e c t  was 

determined by p l ac ing  t h e  sample i n  t h e  beam from a monochromator, and 

measuring t h e  s h o r t - c i r c u i t  pho tocur ren t ,  of t h e  o rde r  of 10 p ic0  

amperes, w i th  a Kei th ley  153 millimicroammeter. The i n t e n s i t y  of 

i l l u m i n a t i o n  of t h e  sample v a r i e d  wi th  wavelength as a quar tz - iod ine  

tungs ten  l i g h t  sou rce  opera ted  a t  cons t an t  vo l t age  w a s  used t o  i i l umi -  

n a t e  t h e  monochromator en t r ance  s l i t .  The re la t ive energy of t h e  beam 

as a func t ion  of wavelength w a s  determfhed wi th  a thermopile  d e t e c t o r .  

I n  Fig.  5 ,  t h e  r e l a t i v e  photoresponse p e r  i n c i d e n t  quantum is  

p l o t t e d  a g a i n s t  t h e  wavelength of t h e  l i g h t  and a reasonably l i n e a r  

c o r r e l a t i o n  i s  seen ,  s i m i l a r  t o  t h a t  found by Abraham (Ref - 3 9 )  

Mead and SDi tzer  (Ref.40) have also obta ined  similar d a t a  us ing  

s i n g l e  c r y s t a l s  of AZSb and o t h e r  semiconductors that  we-re f i t t e d  wi th  

evaporated gold e l e c t r o d e s  under cond i t ions  such t h a t  no impur i ty  l a y e r  

w a s  p re sen t  between t h e  AlSb and t h e  gold f i l m .  By p l o t t i n g  t h e  square  

r o o t  of t h e  photoresponse of t h e  Au/AlSb pho toce l l  vs  t h e  l i g h t  energy,  

Xead and S p i t z e r  were able t o  determine both t h e  i n d i r e c t  and t h e  

d i r e c t  band-gap of A’LSb. The procedui-e involved decomposing t h e  (photo- 

response)”’ vs  energy d a t a  i n t o  a series of s t r a i g h t  l i n e s  by a 

g raph ica l  procedure.  



P h otovot tage 

1.6eV 

- ,000 

Fig. 5 Spectral variation of photovoltaic effect in AlSb 
film evaporated on Ta contacts. 
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I n  F ig .  6 ,  we have s i m i l a r l y  t r e a t e d  ou r  photoresponse d a t a .  

The squa re  p o i n t s  are  t h e  raw d a t a .  A s t r a i g h t  l i n e  w a s  drawn through 

t h e  p o i n t s  a t  lowest energy. 

t h i s  e x t r a p o l a t e d  s t r a i g h t  l i n e  w a s  s u b t r a c t e d  a t  each energy from the  

r a w  d a t a  p o i n t s .  The r e s u l t  i s  t h e  sequence of c i r c u l a r  p o i n t s ,  wlhich 

show ano the r  s t r a i g h t  l i n e  behavior  t h a t  e x t r a p o l a t e  t o  zero a t  hv = 1 . 5  ev, 

a va lue  w i t h i n  experimental  e r r o r  of 1 . 6  e V ,  t h e  i n d i r e c t  edge of AlSb. 

Then, t h e  (photoresponse)1'2 va lue  of 

It i s  i n t e r e s t i n g  t o  n o t e  a l s o  t h a t  t h e  p r e s e n t  low energy d a t a  

e x t r a p o l a t e  t o  ze ro  a t  1.03 e V  w h i l e  t h e  low energy d a t a  of Yead and 

S p i t z e r  e x t r a p o l a t e  t o  ze ro  a t  0.90 e V .  The d i f f e r e n c e ,  0.13 e V ,  i s  

i n  e x c e l l e n t  agreement wi th  t h e  d i f f e r e n c e  between t h e  "recommended 

values: '  f o r  t h e  work func t ions  of Au, 4 . 3  e V ,  and T a ,  4.12 e V  which i s  

0.18 e V  (Ref. 4 1 ) .  The i m p l i c a t i o n  of t h i s  r e s u l t  i s  t h a t  a metal- 

semiconductor con tac t  of h igh  q u a l i t y  h a s  been ob ta ined  c.omparable t o  those 

obtained by t h e  s o p h i s t i c a t e d  cleavage technique of Mead and S p i t z e r .  

The measurements desc r ibed  above, however , do no t  provide 

information on t h e  e l e c t r i c a l  r e s i s t i v i t y  of t h e  AlSb f i l m  i t s e l f  s i n c e  

t h e  metal-semiconductor b a r r i e r  dominat:es t h e  measurements. When 

t h e  T a  s t r i p e s  w e r e  over-coated wi th  Ni, reasonable  ohmic c o n t a c t  t o  

t h e  AlSb f i l m  w a s  ob ta ined .  During growth of t h e  AlSb f i l m  ( t o  a 

th i ckness  of 1 micron) ,  t h e  r e s i s t a n c e  decreased i n  a manner sugges t ing  

t h a t  bulk-type behavior  ( i  .e. an  absence of s i z e  e f f e c t s )  w a s  obtained 

a f t e r  t h e  f i r s t  1500 w a s  depos i t ed .  

It  w a s  found t h a t  q u i t e  r ep roduc ib le  resis tance-temperature 

behavior  w a s  obtained as a given f i l m  was cycled i n  vacuum over t h e  

range from t h e  d e p o s i t i o n  temperature  600°C t o  % 3 O o C ,  as shown i n  
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Fig. 6 Spectral variation of photoresponse from AlSb films. 
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Fig .  7 .  Over t h i s  temperature  range,  t h e  f i l m  r e s i s t i v i t y  v a r i e d  from 

about 2 x l o 5  ohm-cm a t  30°C t o  50 ohm-cm a t  600°C. 

Data from two runs  are p l o t t e d  i n  Fig.  7 .  I t  can be  seen  

t h a t  f o r  each f i l m  t h e  d a t a  l i e  on two l i n e a r  segments wi th  a t r a n s i -  

t i o n  a t  about  300°C. The a c t i v a t i o n  ene rg ie s  d e r i v a b l e  from t h e s e  d a t a  

are n o t  t h e  same f o r  t h e  two f i lms  al though t h e  h igh  temperature  

range i s  dominated f o r  each f i l m  by a level a t  nea r  mid-gap, 0 .8  e V .  

A t  lower tempera tures ,  va lues  of 0.23 and 0.32 e V  were found. 

I t  is  n o t  clear why t h e s e  low temperature  va lues  d i f f e r  b u t  i t  i s  

conce ivable  t h a t  t h e  d i f f e r e n c e  i s  mainly a matter of t h e  s to i ch iomet ry  

achieved i n  t h e  f i l m  d e p o s i t i o n ,  s i n c e  Kover (Ref. 42) has  a t t r i b u t e d  a 

donor leve l  a t  0 . 3  eV t o  Sb vacancies .  It should b e  noted t h a t  

Shaw and N c K e l l  (Ref.  4 3 )  have repor ted  a level a t  0 .8  e V  i n  h igh  

r e s i s t i v i t y  s i n g l e  c r y s t a l s .  

The r e s i s t i . v i t y  of a semiconductor can b e  expressed as 

1 
ne1-I n + pepp P =  

where n and p are t h e  e l e c t r o n  and h o l e  concen t r a t ions  and 1-1 and 1-1 

are t h e i r  r e s p e c t i v e  m o b i l i t i e s ,  w h i l e  e i s  t h e  e l e c t r o n i c  charge.  The 

concen t r a t ions ,  n and p ,  can i n  t u r n  b e  expressed as 

n P 

n = Nc exp (-Efn/kT) 

and 

p = iv exp (-E /kT) 
V f P 

(3) 
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Fig. 7 Temperature dependence of resistance measured in situ 
on AlSb films deposited at 60OoC; (2-212) thickness 
&.I, (2-215) thickness 2 ~ .  
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where 3 and N are t h e  conduction and valence band d e n s i t i e s  of 

s ta tes .  The sum of t h e  e l e c t r o n  and h o l e  Fermi e n e r g i e s ,  E and E 

are equa l  t o  t h e  v a l u e  of t h e  energy gap, E 

i s  a t  thermal  equ i l ib r ium.  

C V 

f n  f P  

(= 1 . 6  eV) when the sample 
g 

From E q s .  (l), ( Z ) ,  and ( 3 )  i t  can be deduced t h a t  the rests- 

t i v i t i e s  a t  two temperatures should b e  i n  t h e  r a t i o  

n~ l e i . l ~  1-1 
- -  pT2 - 
P T1 n~ 2 e ' ~  

( 4 )  

i f  only one carrier dominates t h e  conduc t iv i ty  a t  a given temperature.  

If an attercpt is  made t o  compute t h e  r e s i s t i v i t y  r a t i o  frorn 

Eq. ( 4 )  , t h e  r e s u l t  i s  comparable t o  experiment only i f  t h e  mob i l i t y  ratio 

i s  given an impossibly l a r g e  value, ,  w i t h  t h e  0.8 eV p o r t i o n  of t h e  

curve having t h e  l a r g e r  1-1. S m a l l  va lues  of t h e  r a t i o  could b e  explained 

by a v a r i e t y  of phenomena b u t  t h e  r a t i o  seems much t o o  l a r g e  i f  i t  i s  

assumed, f o r  example, t h a t  conduction occurs  by both ho le s  and e l ec -  

t r o n s  a t  h i g h e r  temperatures and by e l e c t r o n s  a lone  a t  lower tempera- 

t u r e s .  

I t  therefoyce appears  t h a t  t h e  d a t a  of Fig.  7 dQ n o t  r e p r e s e n t  

a i'bulk" p rope r ty  of AlSb f i l m s .  Explanat ion of t h e  d a t a  probably 

lies i n  a " b a r r i e r "  phenomenon, b u t  i t  i s  no t  c l e a r  j u s t  what kind of 

b a r r i e r  i s  involved.  The governing phenomenon may b e  i n t e r g r a n u l a r  

c o n t a c t s ,  micro-cracks,  o r  metal-semiconductor b a r r i e r s .  
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2.2 Aluminum Antimonide - Reac t ive ly  Spu t t e red  

The p r e p a r a t i o n  of AlSb by an a l t e r n a t e  technique,  v i z . ,  

r e a c t i v e  s p u t t e r i n g  w a s  a l s o  achieved du r ing  t h e  course of t h e  p r e s e n t  

s t u d i e s .  E s s e n t i a l l y ,  t h e  method i s  s i m i l a r  t o  t h a t  desc r ibed  f o r  A1N 

i n  Sec. 3 1.1, t h e  A 1  s u b s t r a t e ,  s u b s t r a t e  h o l d e r s ,  experimental  chamber 

and cond i t ions  f o r  d e p o s i t i o n  being v i r t u a l l y  i d e n t i c a l .  

d i f f e r s  only i n  t h e  means of i n j e c t i n g  t h e  group V element,  i n  t h i s  ca se  

The scheme 

Sb , i n t o  t h e  d i scha rge  i n  a gaseous o r  vapor form. 

2 .2 .1 P r e p a r a t i o n  - An A 1  cathode designed t o  hold a number of 

s o l i d  Sb p i eces  w a s  f a b r i c a t e d ,  as shown i n  Fig.  8. It vas expected t h a t  

t h e  h e a t  generated i n  t h e  cathode by t h e  d i scha rge  would provide a 

s u f f i c i e n t  vapor p r e s s u r e  of Sb. 

t h e  temperature  of t h e  cathode during s p u t t e r i n g .  With o p e r a t i n g  con- 

d i t i o n s  approximating those  of t h e  A1N experiments,  an equ i l ib r ium 

cathode temperature  of 435°C w a s  reached. 

p r e s s u r e  w a s  

t h e  s u b s t r a t e  s u r f a c e  of approx iaa t e ly  150 monolayers p e r  minute. 

A thermocouple w a s  i n s t a l l e d  t o  monitor 

The corresponding Sb vapor 

t o r r ,  which should provide an  a r r i v a l  ra te  of Sb a t  

Films w e r e  depos i t ed  on CaF2 (111) s u b s t r a t e s  hea ted  i n  t h e  

range 400 t o  700°C; t h e  temperature  w a s  confined t o  t h i s  range t o  pre- 

vent both condensation of excess  Sb and thermal e t ch ing  of s u b s t r a t e s .  

Thicknesses of depos i t ed  f i l m s  i n d i c a t e d  growth rates of less than 

50 A /min. 

ance of t h e  cathode s u r f a c e  implied t h a t  an  A1-Sb r e a c t i o n  had occurred a t  

t h e  cathode s u r f a c e ,  and t h a t  subsequent s p u t t e r i n g  of t h e  compound w a s  

impeded by t h e  high r e s i s t i v i t y  of t h e  l a y e r .  

This  r e l a t i v e l y  slow rate t o g e t h e r  w i th  t h e  blackened appear- 
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- Substrate 

Fig. 8 Schematic of arrangement for diode reactive sputtering 
of AlSb films; recesses in cathode contain the Grolrp V 
element (Sb) . 
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I n  an e f f o r t  t o  conf ine  t h e  r e a c t i o n  between t h e  Sb vapor and 

A 1  t o  t h e  s u b s t r a t e  s u r f a c e  t h e  arrangement w a s  modified s o  t h a t  t h e  Sb 

was supp l i ed  from a source  e x t e r n a l  t o  t h e  system (Fig .  9 ) .  During t!ie 

bake-out c y c l e  t h i s  sou rce  w a s  kep t  coo l  by i n t e r p o s i n g  a water-cooled 

f l a n g e  between i t  and t h e  main chamber. The f i lms  obta ined  bv t h i s  

method were Al-rich due apparent ly  t o  i n s u f f i c i e n t  t r a n s p o r t  of S5 from 

t h e  e x t e r n a l  source .  

2.2.2 S t r u c t u r a l  and O p t i c a l  P r o p e r t i e s  

Transmission e l e c t r o n  d i f f r a c t i o n  p a t t e r n s  obta ined  f o r  f i lms  

s p u t t e r e d  via  t h e  scheme i l l u s t r a t e d  i n  F ig .  8 are shown i n  Fig.  10.  

Deposi ts  on (111) CaF2 s u r f a c e s  a t  400°C 

p a t t e r n s .  Films depos i t ed  on s u b s t r a t e s  

The o r i e n t a t i o n  r e l a t i o n s h i p  between t h e  

t h e  s u b s t r a t e  are as fo l lows:  

show p o l y c r y s t a l l i n e  r i n g  

a t  650°C were h i g h l y  o r i e n t e d .  

h igh  temperature  d e p o s i t s  and 

Data from t h e  abso rp t ion  s p e c t r a  of  depos i t ed  f i lms  i n d i c a t e  

band-gap va lues  corresponding t o  measured va lues  f o r  b u l k  AlSb , v i z .  

1.55 t o  1 .6  e V .  Tdowever, t h e  very t h i n  n a t u r e  of t h e  f i lms  made i t  

d i f f i c u l t  t o  o b t a i n  d e t a i l  i n  t h e  s p e c t r a .  

2 .3  Aluminum Arsenide (AlAs) 

2 .3 .1  P r e p a r a t i o n  - I n  ear l ier  temperature  c a l i b r a t i o n  experiments 

performed w i t h  t h e  three- temperature  evapora t ion  system used f o r  t h e  
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Fig. 10 Transmission electron diffraction patterns from 
sputtered AlSb films deposited on cleaved CaF2 at 
(a) 4OO0C, approximate thickness 1500 A and 
(b) 650°C, approximate thickness 1000 A. 
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p r e p a r a t i o n  of AlSb F i l m s ,  i t  vas found t h a t  when both  t h e  A 1  sou rce  and 

t h e  s u b s t r a t e  w e r e  a t  temperature  t h e  T a  r i n g  source  con ta in ing  t h e  Sh 

could ach ieve  tempera tures ,  due t o  r a d i a t i o n ,  ranging from about  150°C: 

t o  280°C. The equ i l ib r ium vapor p re s su res  f o r  A s  a t  t h e  h ighe r  temper- 

a t u r e  i s  4 x t o r r  corresponding t o  an approximate a r r iva l  ra te  

of 10 monolayers pe r  minute.  S ince  t h i s  va lue  appeared t o  impose a 

r a t h e r  l a r g e  lower l i n i t  t o  t h e  A s  f l u x ,  e f f o r t s  were made t o  provide  

a g r e a t e r  degree  of c o n t r o l  by i s o l a t i n g  t h e  A s  sou rce  i n  a s e p a r a t e l y  

hea ted  pyrex ex tens ion  t o  t h e  r e a c t i o n  chamber as shown i n  I-'ig. 11. The 

remaining f e a t u r e s  of t h e  system w e r e  e s s e n t i a l l y  t h e  same as those 

used f o r  the d e p o s i t i o n  of  AlSb f i l m s ,  except  t h a t  a l a r g e  l i qu id -  

n i t r o g e n  cooled Meissner  t r a p  w a s  a l s o  added t o  c o l l e c t  unreac ted  A s .  

5 

Several experiments  were c a r r i e d  o u t  w i t h  t h e  modif ied system 

using A s  sou rce  temperatures  ranging from 200 t o  380"C, s u b s t r a t e  tempera- 

t u r e s  from 500 t o  700"C, and w i t h  t h e  A 1  sou rce  ope ra t ing  a t  1150°C. 

A t  A s  sou rce  temperatures  below about  320"C,  t h e  f i l m  products  ob ta ined  

were found, by X-ray a n a l y s i s ,  t o  comprise a mix tu re  of A l A s  and f r e e  

A l .  A t  h i g h e r  A s  t empera tures ,  no d e p o s i t  w a s  ob ta ined .  In spec t ion  of 

t h e  A 1  s o u r c e  a f t e r  t h e s e  experiments showed i t  t o  b e  covered w i t h  a 

yel low l a y e r  of A l A s  c r y s t a l l i t e s .  It  was concluded t h a t  t h i s  s u r f a c e  

r e a c t i o n  product  had prevented f u r t h e r  evapora t ion  of t h e  A 1  d e s p i t e  

t h e  h igh  ope ra t ing  temperature  of  t h e  m e t a l  m e l t .  This  i n t e r p r e t a t i o n  

i s  c o n s i s t e n t  w i t h  t h e  h igh  temperatures  r epor t ed  f o r  t h e  decomposition 

of t h e  compound (Ref.  4 4 ) .  

The r e s u l t s  achieved w i t h  lower A s  sou rce  temperatures  ind i -  

ca ted  t h a t  d e s p i t e  t h e  l a r g e  amount of A s  vapor ized  ( t h e  co ld  t r a p s  i n  
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A l u m i n u m  Source ___ 

Fig. 11 Modified system for co-evaporation of AlSb films. 
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t he  chamber w e r e  found t o  be l i b e r a l l y  coated wi th  condensed As) t r ans -  

f e r  t o  t h e  s u b s t r a t e  s u r f a c e  wi th  t h e  arrangement shown i n  Fig.  11 w a s  

i n e f f i c i e n t .  I t  w a s  reasoned t h a t  d e s p i t e  t h e  poorer  c o n t r o l  i n  

varying t h e  A s  v a p o r i z a t i o n  ra te  t h e  non-equilibrium l ine-of-s ight  

evaporat ion a f fo rded  by a T a  r i n g  source  arrangement might prove more 

e f f e c t i v e .  Thus , t h e  modified system w a s  a.bandoned. 

With s u b s t r a t e s  he ld  a t  temperatures below about 680°C, t h e  

fol lowing obse rva t ions  were made on va ry ing  t h e  A s  ( r i n g  source)  temp- 

e r a t u r e .  For A s  temperatures  lower than  35OoC, da rk  yellow opaque d e p o s i t s  

w e r e  produced. When t h e  A s  sou rce  temperature  w a s  i nc reased  above 360°C, 

t h e  d e p o s i t s  obtained changed t o  a t r a n s p a r e n t  yellow i n  appearance b u t  

w e r e  very t h i n .  A t  h i g h e r  A s  temperature  (> 4 2 O o C ) ,  no v i s i b l e  d e p o s i t  

w a s  ob ta ined .  I n  t h e s e  runs t h e  A 1  sou rce  w a s  found t o  b e  aga in  covered 

completely wi th  a l a y e r  of yellow p o l y c r y s t a l l i n e  A l A s  . 
With s u b s t r a t e s  h e l d  a t  temperatures h i g h e r  than 7OO0C, i t  w a s  

observed t h a t  i f  t h e  A 1  sou rce  a l o n e  w a s  ope ra t ed ,  no condensation of A 1  

occurred.  Under t h e s e  c o n d i t i o n s ,  t h e  d e p o s i t  s t r u c t u r e  v a r i e d  w i t h  t h e  

A s  sou rce  temperature  i n  t h e  fol lowing manner. When t h e  A s  temperature 

w a s  i n c r e a s e d  up t o  nea r  400°C, t h e  d e p o s i t i o n  rate inc reased  t o  a 

maximum of approximately 650 

case  possessing t h e  p a l e  yellow t r a n s p a r e n t  appearance c h a r a c t e r i s t i c  of 

pu re  A l A s .  For h i g h e r  A s  te inperatures ,  r e a c t i o n  a t  t h e  A 1  m e l t  occurred,  

i n h i b i t i n g  evapora t ion  of t h e  metal. Some s e l e c t e d  r e s u l t s  f o r  A l A s  

f i lms  grown under near-optimum c o n d i t i o n s  are p resen ted  i n  Table 111. 

p e r  minute -- t h e  f i l m  products  i n  each 

It is  i n t e r e s t i n g  t o  compare t h e  cond i t ions  desc r ibed  h e r e  f o r  

producing s t o i c h i o m e t r i c  f i l m s  wi th  those  normally used f o r  o t h e r  111-V 

4 1  
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compounds such as InAs o r  G a A s .  For t h e s e  compounds, t h e  me l t ing  p o i n t  

and c r i t i c a l  condensation temperature of t h e  Group 111 element i s  lower 

than t h e  lowest temperature  a t  which t h e  Group V element a lone  condenses, 

and t h e  upper end of t h e  " s to i ch iomet r i c  temperature i n t e r v a l "  is  def ined 

by t h e  decomposition temperature  of t h e  compound (Ref. 4 5 ) .  For t h e  

A 1  c l a s s  III-V f i l m s ,  t h e  c r i t i c a l  condensation temperature  of t h e  metal 

is  much h i g h e r  and l i es  between t h e  condensation temperature f o r  t h e  

Group V element and t h e  decomposition temperature of t he  compound. 

by a d j u s t i n g  t h e  r a t i o  of t h e  A 1  and Group V f l u x e s  and d e p o s i t i n g  a t  

temperatures above 700°C, i t  w a s  p o s s i b l e  t o  ensu re  s to i ch iomet ry  f o r  

each of t h e  A1 compound f i l m s .  

Thus, 

2 . 3 . 2  S t r u c t u r a l  P r o p e r t i e s  - The f i lms  which were grown using the  

A s  r i n g  source  were examined by e l e c t r o n  ( r e f l e c t i o n )  and glancing-angle 

X-ray d i f f r a c t i o n .  Films grown a t  lowest c o n t r o l l a b l e  A s  f l u x  were found 

by X-ray d i f f r a c t i o n  t o  comprise mainly t h e  cubic  s p h a l e r i t e  form of 

A l A s  (Ref. 46) t o g e t h e r  w i th  a minor A 1  phase.  However, t h e  r e f l e c t i o n  

electron d i f f r a c t i o n  p a t t e r n s ,  a l though confirming t h e  composition 

a n a l y s i s  i n d i c a t e d  by t h e  X-ray method, showed t h e  A l A s  phase t o  possess  

a h i g h l y  o r i e n t e d  hexagonal w u r t z i t e  s t r u c t u r e  (Fig.  1 2 ) .  Subsequent 

re-examination of t h e  X-ray d a t a  d i d  i n  f a c t  show a weak trace of r e f l e c -  

t i o n s  c o n s i s t e n t  w i t h  t h e  hexagonal polymorph b u t  suggested t h a t  t h e  

amount p r e s e n t  w a s  probably less than  1 o r  2 pe rcen t  of t h e  cub ic  form. 

I n  summary, such a f i l m  cons i s t ed  e s s e n t i a l l y  of non-oriented cub ic  A l A s  

( t o g e t h e r  w i th  some f r e e  A l ) ,  b u t  possessed a t h i n  s u r f a c e  r eg ion  i n  

which t h e  A l A s  phase had adopted a s t r o n g l y  f i b e r - t e x t u r e d  wur t z i t e - type  

s t r u c t u r e ,  

4 3  



Fig .  1 2  E lec t ron  d i f f r a c t i o n  p a t t e r n  from evaporated aluminum- 
r i c h  A l A s  f i l m  showing Wurtz i te  s t r u c t u r e .  
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Films prepared  a t  h i g h e r  A s  f l u x  d e n s i t i e s  and a t  h ighe r  

s u b s t r a t e  tempera ture ,  y i e l d e d  no r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  

p a t t e r n s .  X-ray d i f f r a c t i o n ,  however, showed t h e s e  t o  c o n s i s t  e s s e n t i a l l y  

of t h e  cub ic  form of A l A s  b u t  w i th  a s t r o n g l y  developed (111) f i b e r  

t e x t u r e .  

Towards t h e  end of t h e  s t r u c t u r a l  i n v e s t i g a t i o n s ,  a f u r t h e r  A l A s  

f i l m  (KB59-1) grown by D r .  H .  Kunig i n  these  l a b o r a t o r i e s  was submit ted 

t o  us f o r  s t r u c t u r a l  and o p t i c a l  examination. This  f i l m  !]as been 

depos i t ed  a t  480°C by co-evaporation us ing  t h e  arrangement desc r ibed  pre- 

v ious ly  by Johnson (Ref.20) f o r  t h e  p r e p a r a t i o n  of AlSb f i l m s .  I n  t h i s  

system, t h e  sou rces  w e r e  a r ranged  below and equ i -d i s t an t  from t h e  subs i r a t e  

i n s i d e  a thermal ly  s h i e l d e d  enc losu re  i n  an  e f f o r t  t o  approach more 

c l o s e l y  equ i l ib r ium growth cond i t ions  e t  t h e  s u b s t r a t e .  The f i l m  

comprised a p o o r l y - c r y s t a l l i z e d ,  non-oriented, cub ic  A l A s  phase b u t  w a s  

apprec iab ly  t h i n n e r  (".' 1500 8) than  t h e  nominal t h i ckness  (".' 6000 8) 
a n t i c i p a t e d  from the exper imenta l  cond i t ions .  I n  view of t h e  f a c t  t h a t  

t h e  A 1  s o u r c e  w a s  observed t o  b e  covered ex tens ive ly  wi th  a yel low l a y e r  

of A l A s  a t  the end of the run ,  i t  appears  l i k e l y  that  t h e  evapora t ion  of 

A l w a s  impeded o r ,  more probably,  stopped e n t i r e l y  b e f o r e  t h e  experiment 

was completed. 

2.3.3 O p t i c a l  S tud ie s  and Chemical S t a b i l i t y  - The o p t i c a l  absorp- 

t i o n  of several A l A s  f i l m s  w a s  measured. Al-rich f i l m s  were n e a r l y  opaque 

t o  v i s i b l e  l i g h t ,  and showed abso rp t ion  th re sho lds  a t  about one micron. 

The s p e c t r a  of t h r e e  la ter  f i l m s ,  which were yel low t o  t h e  eye,  are shown 

i n  F ig .  13. Absorpt ion f e a t u r e s  a t  t h e  a n t i c i p a t e d  va lues  of 2 . 1  e V  

( i n d i r e c t  edge) (Ref.  4 0 )  and 2.9 e V  ( d i r e c t  edge)(Ref .  4 0 )  are p r e s e n t .  
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The low tempera ture  f i l m  KB59-1  seems t o  have a less developed set  

of a b s o r p t i o n  edges.  

Measurements were made p e r i o d i c a l l y  t o  assess p o s s i b l e  

d e t e r i o r a t i o n  e f f e c t s .  One f i l m  s t o r e d  i n  a d e s s i c a t o r  be tveen  measure- 

ments,  w a s  measured each week f o r  several weeks. An i n c r e a s e  of t h e  

o p t i c a l  t r ansmiss ion  of about 10% p e r  week w a s  observed. This  i s  an 

oppos i t e  t r e n d  t o  t h a t  shown by t h e  AlSb f i l m s .  

A f i l m  of A l A s  depos i t ed  on to  a s i l i c a  s u b s t r a t e  prev ious ly  

coated w i t h  a s e t  of  T a  s t r i p e s  and coated wi th  XgF i n  an  a t tempt  t o  pro- 

tect  t h e  A l A s  w a s  examined e l e c t r i c a l l y .  The r e s i s t a n c e  from s t r i p e  t o  

s t r i p e  w a s  ?, lo9  R j u s t  a f t e r  d e p o s i t i o n  and > 10" 51 

a f t e r  s t o r a g e  i n  a N f l u shed  box. No pho tovo l t a i c  o r  photoconduct ive 

e f f e c t  could b e  observed i n  t h i s  f i l m  a t  t h i s  t i m e ,  a l though a s m a l l  

p h o t o v o l t a i c  e f f e c t  had been  observed t h r e e  days earlier.  

2 

three days l a t e r ,  

2 

f i l m  

t h i s  

used 

made 

2 . 3 . 4  Electr ical  S tud ie s  - R e s i s t i v i t y  measurements w e r e  made on 

2-234-4 r e f e r r e d  t o  i n  Table  111. 

f i l m  w a s  t r a n s f e r r e d  r a p i d l y  from t h e  evapora tor  t o  a vacuum system 

f o r  electrical  measurements. A resistance vs - p l o t  (F ig .  14 )  w a s  

f o r  t h e  range -190°C t o  600°C and was found t o  b e  completely 

To minimize chemical decomposition, 

1 
T 

1 
T r e v e r s i b l e .  

conduc t iv i ty  w a s  dominated by a sp read  of sha l low impur i ty  levels which 

could n o t  b e  c h a r a c t e r i z e d  by a s i n g l e  a c t i v a t i o n  energy. S i m i l a r  r e s u l t s  

w e r e  l a t e r  obta ined  on f i l m  2-235-4 which w a s  f i t t e d  w i t h  e l e c t r o d e s  i n  

The l o g  R vs. - p l o t ,  however, w a s  n o t  l i n e a r  sugges t ing  t h a t  

a H a l l  b a r  conf igu ra t ion .  This  f i l m  w a s  found t o  b e  p-type w i t h  a low 

2 mob i l i t y  v a l u e  i n  t h e  range 0 . 5  c m  /vo l t - sec .  and an es t ima ted  carr ier  

concen t r a t ion  of 10 1 7  3 carriers/cm (measured a t  room temperature!. 
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Fig.  1 4  Temperature dependence of r e s i s t a n c e  measured on 
A l A s  f i l m  (2-234)  depos i t ed  a t  72OoC,  t h i ckness  
2 microns.  
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An a t tempt  w a s  made t o  observe thermally s t imu la t ed  c u r r e n t  

behavior  i n  2-234-4 by i r r a d i a t i n g  i t  when cold ( a t  -190°C wi th  a 100 

w a t t  mercury vapor lamp) and then  monitor ing i t s  dark r e s i s t a n c e  as  the  

temperature  w a s  r a i s e d  a t  a cons t an t  ra te  of about 2°C p e r  minute. 

No TSC e f f e c t s  were observed,  which w a s  perhaps n o t  s u r p r i s i n g  i n  view 

of t h e  r e l a t i v e l y  low- r e s i s t i v i t y  and presumably high c a r r i e r  concen- 

t r a t i o n  of t h e  f i l m  material. 

Two A l A s  f i l m  samples were prepared wi th  nominal T e  doping 

l e v e l s  (based on t h e  vapor p re s su re  d a t a  f o r  A s  and Te) of 0 . 1 % .  Actual  

condi t ions  r e a l i z e d  dur ing  growth, however, caused T e  enrichment above 

t h i s  normal concen t r a t ion  due to a rise i n  t h e  temperature  of t h e  

Group V element source .  Also,  r a t h e r  low d e p o s i t i o n  rates were obta ined  

i n  t h e s e  experiments ,  s o  t h a t  t h e  approximate th icknesses  of t h e  f i lms  

were only of t h e  o r d e r  of 1000 A .  A r e s i s t a n c e  vs - p l o t  w a s  made f o r  

one of t h e s e  f i l m s ,  2-231-2, i n  t h e  temperature  range from 25 t o  450°C. 

1 
T 

An anomalous and i r r e v e r s i b l e  drop i n  resistance occurred i n  t h e  range 

above 200"C, ev iden t ly  caused by major s t r u c t u r a l  changes i n  t h e  f i l m ,  

o r  by chemical decomposition. 

2.4 Aluminum Phosphide (Alp) 

2 . 4 . 1  P r e p a r a t i o n  - I n  t h e  t i m e  set a s i d e  f o r  t h e  evapora t ion  phase 

of t h e  exper imenta l  s tudy ,  i t  w a s  p o s s i b l e  t o  undertake only one a t tempt  

a t  syn thes i z ing  A1P i n  t h i n  f i l m  form. Source and s u b s t r a t e  condi t ions  

were ad jus t ed  s o  as t o  match approximately those  which had proved success fu l  

i n  t h e  p r e p a r a t i o n  of A l A s  f i l m s ,  i . e .  wi th  a nominal P / A 1  f l u x  r a t i o  of 

about 5 t o  1, and wi th  a s u b s t r a t e  temperature  of about 720°C. The 
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s i l i c a  s u b s t r a t e  w a s  coa ted  w i t h  Ta - s t r ipe  e l e c t r o d e s  i n  a H a l l  b a r  

c o n f i g u r a t i o n  l eav ing  t h e  c e n t r a l  area of t h e  s u b s t r a t e  uncovered t o  ~‘t.r.i!it 

o p t i c a l  abso rp t ion  s t u d i e s .  

A t  t h e  completion of  t h e  run ,  which l a s t e d  30 minutes ,  a 

t r a n s p a r e n t  yel low d e p o s i t  w a s  v i s i b l e  bo th  on t h e  s i l i c a  s u b s t r a t e  and 

on those  areas of  t h e  b e l l  j a r  w a l l  which had been exposed d i r e c t l y  t o  

t h e  aluminum source .  

j a r ,  a s t r o n g  s m e l l  of phosphine (Ref.  2 ) developed. The charnber was 

c losed  aga in  and evacuated immediately t o  avoid f u r t h e r  r e a c t i o n .  

On admi t t ing  a i r  t o  t h e  chamber and r a i s i n g  t h e  

To e x t r a c t  t h e  f i l m  sample s a f e l y  from t h e  vacuum system and 

t o  p re se rve  i t  f o r  subsequent  measurement, a s p e c i a l  handl ing  procedurt ,  

w a s  employed. The e n t i r e  b e l l  j a r  w a s  encased wi th  a poly thene  bag 

l a r g e  enough t o  extend t o  t h e  b a s e  p l a t e  w i t h  t h e  j a r  i n  the  r a i s e d  

p o s i t i o n .  A p l a s t i c  ampoule and a p a i r  of fo rceps  were enclosed i n s i d e  

t h e  bag. 

p h e r i c  p r e s s u r e ,  whereupon t h e  j a r  w a s  r a i s e d  and t h e  forceps  used 

( through t h e  f l e x i b l e  poly thene  wa l l )  t o  t r a n s f e r  t h e  f i l m  t o  t h e  

ampoule. A f t e r  t h e  ampoule had been removed v ia  a s l i t  i n  t h e  poly thene  

w a l l ,  mois t  a i r  w a s  f l u shed  through t h e  chamber and i n t o  an  exhaust  

system f o r  several hour s ,  u n t i l  no f u r t h e r  odor of  phosphine could b e  

d e t e c t e d  w i t h  t h e  jar  open. 

Pure  argon w a s  b l e d  i n t o  t h e  chamber u n t i l  i t  reached atmos- 

2 . 4 . 2  S t r u c t u r a l ,  O p t i c a l  and Elec t r ica l  S tud ie s  - A r a p i d  t r a n s f e r  

from b e l l  j a r  t o  t h e  e l e c t r o n  microscope w a s  e f f e c t e d  t o  l i m i t  p o s s i b l e  

d e t e r i o r a t i o n .  Examination v i a  r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  confirmed 

t h e  presence  of A1P i n  i t s  b u l k  s p h a l e r i t e  form, F ig .  15.  The 

d i f f r a c t i o n  p a t t e r n  a l s o  showed t h e  f i l m  t o  possess  a weak (110) f i b e r  

t e x t u r e .  
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Fig .  .15 E lec t ron  d i f f r a c t i o n  p a t t e r n  of A1P f i l m  depos i ted  
on s i l i c a  a t  720°C. 
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To perform e l e c t r i c a l  r e s i s t i v i t y  s t u d i e s  t h e  f i l m  w a s  

i n s e r t e d  i n t o  a second vacuum s y s t e m  and f i t t e d  wi th  probes,  p recau t ions  

being taken t o  keep t h e  f i l m  immersed completely i n  a l coho l  ;Irhile t he  

c o n t a c t s  were being a d j u s t e d .  

performing o p t i c a l  s t u d i e s ,  t h e  f i l m  being he ld  i n  a l a r g e  spec t ro -  

photometer c e l l  f i l l e d  wi th  e t h y l  a l c o h o l .  Attempts were a l s o  made t o  

measure t h e  H a l l  e f f e c t  w i th  t h e  f i l m  mounted i n  a tube  con ta in ing  

flowing dry n i t r o g e n .  

S i m i l a r  p r ecau t ions  were observed wh i l e  

The f i l m  r e s i s t i v i t y ,  measured a t  room t e m p e r a t u r e  by t h e  f o u r  

probe method via  t h e  T a  e l e c t r o d e s ,  w a s  e s t ima ted  t o  b e  50 ohm-cm. 

F igu re  16  shows t h e  v a r i a t i o n  of f i l m  r e s i s t a n c e  wi th  temperature  between 

-180" and 600°C. The observed v a r i a t i o n  sugges t s  t h a t  t h e  conduc t iv i ty  

i s  in f luenced  by a spread of shal low impur i ty  levels w i t h  a c t i v a t i o n  

ene rg ie s  ranging approximately between 0 . 0 4  and 0.15 e V .  Attempts t o  

determine t h e  m o b i l i t y  f o r  t h i s  f i l m  were unsuccess fu l ,  s i n c e  t h e  H a l l  

v o l t a g e ,  f o r  t h e  s m a l l  va lues  of c u r r e n t  which could b e  passed through 

t h e  sample, w a s  t o o  low t o  b e  measured r e l i a b l y .  

O p t i c a l  abso rp t ion  w a s  measured wi th  t h e  f i l m  immersed i n  

e t h y l  a l c o h o l .  Figure 1 7  shows t h e  spectrum ob ta ined ,  t o g e t h e r  w i th  a 

trace of t h e  a b s o r p t i o n  of t h e  spectrophotometer c e l l  ( con ta in ing  a l coho l )  

w i thou t  t h e  f i l m .  The abso rp t ion  is  seen  t o  rise s t e a d i l y  a t  wave- 

l e n g t h s  less than  5000 1, as would b e  expected f o r  a material  w i t h  a 

2.45 e V  band gap (Ref. 4 7 ) .  A l s o  ev iden t  i s  a s e t  of i n t e r f e r e n c e  f r i n g e s  

which, u s ing  t h e  va lue  3 . 4  f o r  t h e  r e f r a c t i v e  index of A1P (Ref.  4 6 ) ,  show 

t h e  f i l m  t o  b e  9100 A t h i c k .  
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Fig.  1 6  Temperature dependence of r e s i s t a n c e  measured on A1P 
f i l m  (2-237) depos i ted  a t  720°C, t h i ckness  9100 A. 
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Fig.  1 7  Absorption spectrum of A1P f i l m ,  obtained wi th  sample 
immersed i n  e t h y l  a l c o h o l .  
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2.5 Discussion 

The r e s u l t s  r e p o r t e d  i n  t h e  preceding s e c t i o n s  i n d i c a t e  t h a t  

t h e  reactive evapora t ion  technique is n o t  only w e l l  s u i t e d  t o  t h e  pre- 

p a r a t i o n  of f i lms  of AlSb, i n  confirmation of o t h e r  publ ished d a t a ,  b u t  

may a l so  b e  used f o r  t h e  growth of A l A s  and A1P f i l m s .  Success fu l  

p r e p a r a t i o n  of s t o i c h i o m e t r i c  f i l m s  of t h e  l a t t e r  compounds, achieved 

f o r  t h e  f i r s t  t i m e  by t h i s  method, appears favored by using cond i t ions  

such t h a t  t h e  s u b s t r a t e  temperature  exceeds t h e  c r i t i ca l  condensation 

temperatures  both of t h e  Group V elements and of aluminum, and by main- 

t a i n i n g  t h e  vapor f l u x  of t h e  Group V element low enough t o  avoid compound 

formation a t  t h e  A 1  sou rce .  This last  c o n d i t i o n  is e s p e c i a l l y  c r i t i c a l  

s i n c e  i t  is  d i f f i c u l t  t o  achieve A 1  sou rce  temperatures high enough 

(Q 160OOC) t o  ensu re  thermal  decomposition of t h e  a r s e n i d e  and phosphide 

compounds which might form on t h e  s u r f a c e  of t h e  molten metal. 

rates of d e p o s i t i o n ,  approximately 300 t o  600 x /min  are a t t a i n e d  wi th  

t h i s  method and t h e r e  appears  t o  b e  no d i f f i c u l t y  i n  p repa r ing  f i l m s  many 

microns i n  t h i c k n e s s .  

High 

The f i l m s ,  as a group, d i s p l a y  bu lk  s t r u c t u r a l  and o p t i c a l  

p r o p e r t i e s .  

mod i f i ca t ion  of A l A s  i n  t h e  s u r f a c e  l a y e r s  of an  A 1  r i c h  d e p o s i t .  Bulk 

type behavior  i s  a l s o  shown i n  t h e  r e l a t i v e  chemical i n s t a b i l i t i e s  of AlSb, 

A l A s  and A1P i n  moist  a i r .  These l e a d  t o  changes i n  t h e  s t r u c t u r e  and 

p h y s i c a l  p r o p e r t i e s  and t o  avoid t h i s  c a r e  m u s t  b e  taken immediately a f t e r  

p r e p a r a t i o n  t o  p r o t e c t  t h e  f i lms  p r i o r  t o  examination. 

The main excep t ion  is  t h e  obse rva t ion  of a hexagonal w u r t z i t e  
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Ohmic c o n t a c t s  of good q u a l i t y  are achieved f o r  t h e  A l A s  and 

A1P f i lms  using s p u t t e r e d  tantalum. The c o n t a c t s  t o  AlSb f i l m s ,  however, 

tend o c c a s i o n a l l y  t o  b e  non-ohmic and e l e c t r i c a l  e v a l u a t i o n  was compli- 

ca t ed  somewhat by t h e  r e s u l t i n g  b a r r i e r .  The very r a p i d  d e t e r i o r a t i o n  

of t h e s e  f i l m s  makes i t  d e s i r a b l e  t h a t  c o n t a c t s  b e  deposi ted " in  s i t u "  

i n  o r d e r  t nac  t h e  semiconducting p r o p e r t i e s  can b e  observed. 

Although r e l a t i v e l y  Low r e s i s t i v i t y  f i l m  products  were 

depos i t ed ,  t h e  carr ier  m o b i l i t i e s  i n  t h e  A l A s  and A1P film were low, 

s e v e r a l  o r d e r s  of magnitude less than  those  recorded f o r  bu lk  materials.  

The causes  of l o w  m o b i l i t i e s  i n  t h e  l i t e r a t u r e  f o r  f i lms  such as CdS, S i ,  

Ge, GaAa, e tc . ,  are numeraus; e . g . ,  heavy compensation and a t t e n d a n t  iclr>izc,fi 

impur i ty  s c a t t e r i n g  (Ref. 4 & ) ,  g r a i n  boundary s c a t t e r i n g  (Ref. 4 8 ) ,  

d i s l o c a t i o n  s c a t t e r i n g  (Ref. 4 9 ) ,  etc.  I n  a d d i t i o n ,  t h e  1 1 1 - V  compounds 

seem p a r t i c u l a r l y  prone t o  t h e  formation of impuri ty  bands a t  l o w  impur i ty  

levels (Ref. 50). Both t h e  obse rva t ion  of p o l y c r y s t a l l i n e  s t r u c t u r e s  i n  

t h e  p r e s e n t  films (with a s s o c i a t e d  numerous boundaries)  and t h e  sugges t ion  

i n  t h e  r e s i s t i v i t y  vs. temperature  d a t a  of t h e  presence of shal low 

impur i ty  levels ,  s e e m  c o n s i s t e n t  w i th  t h i s  exp lana t ion .  
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3 .  SPUTTERED FILMS 

3.1 Reactively Sputtered A1N - Diode System 

3.1.1 Preparation - It is generally recognized that aluminum is 

one of the most difficult metals to sputter physically due to its 

highly resistive surface oxide which cannot easily be eifminated in the 

relatively high partial pressures of oxygen or water vapor encountered 

in conventional vacuo (10 - 10 torr). For this reason, although 

reference to the physical and reactive sputtering of other metals 

abound in the literature, virtually none is available for aluminum 

and its compounds. 

-5 -6 

In the present studies, it was felt that since A1N possesses 

the highest insulation resistance of the compounds under investigation, 

reactive sputtering of A 1  in N would provide an excellent test of the 

feasibility of extending this method to the other A1-V compositions. To 

avaid the oxide retardation problem referred to above, a Varian, ion- 

pumped, baksable stainless steel uhv table top system (of the VI312 type), 

capable of base pressures in the low 10 

experiments. 

2 

-9 torr range, was used for the 

The sputtering arrangement w a s  of the simple diode type, 

Fig. 18, the relative cathode-anode spacing being 4 cm. A 5 cm diameter 

disk of aluminum (purity 99.999%) served as cathode. The anode was a 

larger disk, 8 cm diameter, of Ta with a rectangular cut-out measuring 
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Section AA 

Fig.  18 Schematic of arrangement f o r  diode r e a c t i v e  
s p u t t e r i n g  of AlN f i l i n s .  Resistive h e a t i n g  
of s u b s t r a t e s  i n  T a  envelopes via  t h e  s o l i d  
and s p l i t  d i s k s  of t h e  s u b s t r a t e  ho lde r .  
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2 x 1 cm a t  i t s  c e n t e r .  Four s u b s t r a t e s  w e r e  mounted i n  r e s i s t i v e l y  

hea ted  T a  envelopes ( S i  s u b s t r a t e s  could a l t e r n a t i v e l y  be  hea ted  d i r e c t l y )  

and could b e  pos i t i oned  d i r e c t l y  above t h e  a p e r t u r e  i n  t h e  anode by a 

r o t a t a b l e  ho lde r  e x t e r n a l l y  d r iven .  A number of d i f f e r e n t  s u b s t r a t e s  

were used among which w e r e  s i n g l e - c r y s t a l  S i ,  S i c ,  A 1  0 (sapphi re)  and 

v i t r e o u s  S i 0  Where p o s s i b l e ,  s u b s t r a t e  dimensions were 10  mm x 8 mm x 2 mm. 

Both t h e  sapph i re  and s i l i c a  s u b s t r a t e s  could be  used when both  o p t i c a l  

and e l ec t r i ca l  measurements w e r e  r e q u i r e d .  

2 3  

2'  

-9 When a p r e s s u r e  of  10 t o r r  had been a t t a i n e d ,  t h e  exper i -  

mental  chamber w a s  i s o l a t e d  from t h e  i o n  pump and "Research Grade'' argon 

( impur i ty  conc. < 5 p.p.m.) w a s  admi t ted  u n t i l  a d i scha rge  w a s  e s t a b l i s h e d .  

Using a s t a t i c  a rgon  p r e s s u r e  of 80 x 10 t o r r ,  a n  anode-cathode p o t e n t i a l  

of 2500v and a c u r r e n t  d e n s i t y  of  1 m a / c m  , t h e  cathode w a s  s p u t t e r e d  

u n t i l  A 1  w a s  observed t o  be  depos i t ed  on a monitor  s i l i c a  s l i d e .  A p a r t i a l  

-3 

2 

-3  p r e s s u r e  of about  5 x 10 t o r r  of  n i t r o g e n  ( impur i ty  conc. < 1 p.p.rn.1 w a s  

admit ted through a need le  valve, and w i t h  t h e  d i scha rge  i n t a c t ,  t h e  l e a k  

rate w a s  a d j u s t e d  u n t i l  t h e  t o t a l  chamber p r e s s u r e  remained cons t an t .  

Under t h e s e  c o n d i t i o n s ,  t h e  ra te  of consumption of N i n  t h e  d i scha rge  

w a s  balanced by i t s  rate of replacement  v i a  t h e  need le  va lve .  

2 

It w a s  reasoned t h a t  optimum s to i ch iomet ry  i n  t h e  f i l m s  would 

be  achieved by us ing  s u b s t r a t e  cond i t ions  f avor ing  condensat ion only  of 

t h e  A1N composi t ion.  I n  t h i s  case, s i n c e  N is  a permanent gas ,  i t  was 

necessary  s imply t o  use  a chemica l ly  i n e r t  s u b s t r a t e  and t o  main ta in  i t s  

temperature  h igh  enough t o  prevent  t h e  aluminum condensing a lone .  Most 

d e p o s i t i o n s  w e r e  made, t h e r e f o r e ,  a t  tempera tures  h ighe r  t han  550°C 

2 
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which from Rhodin's (Ref. 51) ear l ie r  d a t a  on " c r i t i c a l  temperatures"  f o r  

aluminum might be expected t o  ensure a t  worst  only a very s m a l l  conden- 

s a t i o n  ra te  f o r  t h e  m e t a l .  

3.1.2 S t r u c t u r e  S t u d i e s  - Using t h i n  f i lms  (< lo00 H average 

th ickness)  depos i ted  a t  T = l l O O ° C ,  900°C, and 600"C, r e s p e c t i v e l y  on 

pol i shed  s i l i c o n ,  a TEM s tudy  w a s  made t o  assess growth c h a r a c t e r i s t i c s .  

The la teral  s i z e  of c r y s t a l l i t e s  was observed t o  i n c r e a s e  wi th  temperature .  

Typica l  micrographs are shown i n  F ig .  19 where average c r y s t a l l i t e  

dimensions are 270 w (BOO"C), 470 8 (900OC) and 950 

growth t r end  i s  un l ike  t h a t  r epor t ed  f o r  A1N prepared by chemical vapor 

depos i t i on ,  CVD (Ref. 52) ;  r a t h e r  i t  conforms t o  e s t a b l i s h e d  concepts  0:- 

n u c l e a t i o n  and growth by t h e  cap tu re  of atoms o r  molecules a t  p re fe r r ed  

s u b s t r a t e  sites (Ref. 53,541. The t r end  sugges ts ,  bu t  does no t  r e q u i r e ,  

t h a t  t h e  depos i t i ng  s p e c i e s  i s  t h e  r e a c t i o n  product  of aluminum and 

n i t rogen .  E lec t ron  d i f f r a c t i o n  p a t t e r n s ,  F ig .  20, show almost complete 

ep i t axy  i n  t h e  f i lms  depos i t ed  a t  900" and l l O O ° C ,  t h e  o r i e n t a t i o n  

r e l a t i o n s h i p  be ing  (OOOl)A,,l I (111Isi, [ l l ~ O ] A , , l  I [ l iO l , i .  The f i l m s  

depos i ted  a t  600°C showed only  a s t r o n g  (0001)-f iber  t e x t u r e .  I n  a l l  

cases t h e  b u l k  hexagonal form (Ref. 55) i s  observed. 

S 

(1100°C). The 

S u b s t r a t e s  were hea ted  p r i o r  t o  p o s i t i o n i n g  above t h e  anode 

a p e r t u r e .  Thicknesses  of depos i ted  A1N f i l m s  were measured i n t e r f e r -  

o m e t r i c a l l y .  Some supplementary test d a t a  ind ica t ed  t h a t ,  wi th  t h e  

v o l t a g e ,  c u r r e n t  d e n s i t y  and argon p res su re  va lues  used t o  r e a c t i v e l y  

s p u t t e r  A l N ,  pure  A 1  could b e  s p u t t e r e d  on unheated s u b s t r a t e s  a t  rates 
0 

i n  excess  of 200 A/min. 

only 50-100 A/min. 

The A1N growth rates under t h e s e  cond i t ions  were 

A t  h igh  temperatures ,  ra tes  ranged between 10-30 Klmin. 
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Fig .  19 E lec t ron  micrographs from r e a c t i v e l y  s p u t t e r e d  f i l m s  6 1  
of A1N on r e s i s t i v e l y  heated S i  s u b s t r a t e s ,  (a )  Ts = 
600OC; (b) Ts = 925'C; (c) Ts = 1150OC. Average f i l m  
th i cknesses  = 1000 1. 
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Fig. 20 Electron diffraction patterns from reactively sput- 
tered films of A1N on resistively heated Si substrates, 
(a) T = 6 0 0 O C ;  (b)  Ts = 925°C. k) T, = 115OOC. 
Average film thicknesses = 1006 . 
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O r i e n t a t i o n s  on s u b s t r a t e s  which could n o t  be so e a s i l y  

thinned w e r e  examined by a r e f l e c t i o n  d i f f r a c t i o n  technique .  These 

included Sic ,  CaF and A 1  0 and r e s u l t s  are summarized i n  Table I V .  2 2 3  

Epi taxy i s  observed i n  d e p o s i t s  on S i c ,  F ig .  21, and sometimes 

on A i 2 O 3 .  The former occurs  near  1300°C, t h e  o r i e n t a t i o n  of t he  

e p i t a x i a l  component be ing  : 

[11.OlAlN / /  [ ~ l . 0 l S i C  

The l a t t e r  (AlN/Al 0 ) r e l a t i o n s h i p  2 3  

3.1.3 Chemical S t a b i l i t y  - I n  

served  i n  t h e  s t r u c t u r e  and o p t i c a l  

i s  d i scussed  i n  Sec. 3.3.5.  

view of t h e  r ap id  d e t e r i o r a t i o n  ob- 

p r o p e r t i e s  of t h e  AlSb f i lms  on 

exposure t o  t h e  atmosphere,  i t  w a s  decided t o  check on t h e  chemical 

r e s i s t a n c e  of  A1N fi-Lms t o  h igh  temperature  ox ida t ion .  Film samples 

prepared on S i  s u b s t r a t e s  were allowed t o  age f o r  several weeks then  

were re-examined by r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n  and by glancing-  

ang le  X-ray d i f f r a c t i o n .  They w e r e  found s t i l l  t o  d i s p l a y  w e l l - c r y s t a l l i z e d  

and o r i e n t e d  s ingle-phase  s t r u c t u r e s .  The f i l m s  were then  hea ted  i n  a i r  

f o r  pe r iods  t y p i c a l l y  between 1 5  and 30 minutes  a t  temperatures  ranging 

from 250°C t o  750°C. No change i n  t h e  e l e c t r o n  o r  X-ray d i f f r a c t i o n  

p a t t e r n s  w a s  observed u n t i l  t h e  tempera ture  exceeded 700"C, when t h e  

e l e c t r o n  d i f f r a c t i o n  p a t t e r n  showed a n  i n c r e a s e  i n  t h e  d i f f u s e  background 

s c a t t e r i n g .  The s t r u c t u r e  change appeared t o  have been confined t o  t h e  

f i l m  s u r f a c e ,  however, s i n c e  t h e  X-ray p a t t e r n  showed only s l i g h t  broad- 

ening i n  t h e  d i f f r a c t i o n  l i n e s .  Moreover, t h e  X-ray p a t t e r n  w a s  
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Table I V  E lec t ron  D i f f r a c t i o n  Data f o r  Reac t ive ly  
Spu t t e red  A1N Films 

Sample No. S u b s t r a t e  Ts(OC) Thickness (i) Remarks 

3.85 S i  (111) 27 2500 C r y s t a l l i n e  b u t  no 
o r i e n t a t i o n  

186-2 S i  (111) 1.500 60 0 weak (0001)-fiber 
t e x t u r e  

-__ 

188-2 S i  (111) 8 00 5000 (0001) - f i b e r  t e x t u r e  

-_ 

188-3 S i  (111) 1000 5000 e p i t a x i a l  A1N (0001) 

191-1 S i  (Ill) 950 2500 s t r o n g  (0001)-f iber  te: 
t u r e  ( tending  towards 
ep i taxy)  

191-2 S i  (111) 900 2 500 (0001) - f i b e r  t e x t u r e  
(Not e p i  t a x i a l )  

192-1 Sic (0001) 1300 1900 mostly e p i t a x i a l  AlN(O( 
--some r i n g  component 

* 192-2 CaF2 (111) 800 600 (OOOl)-f i b e r  t e x t u r e  

19 2-3 CaF2 (Ilk) 600 2500 (0001)-f iber  t e x t u r e  

875 1200 2 8 4 A  A12Q3 (0001)-f i b e r  t e x t u r e  

A l 2 O 3  760 1200 e p f t a x i a l  AlN(0001) 
b u t  wi th  some r e l a t i v e  
azimuthal  v a r i a t i o n  
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Fig .  21 E lec t ron  d i f f r a c t i o n  p a t t e r n s  of A1N f i lms  r e a c t i v e l y  65 
s p u t t e r e d  on (0001) f a c e s  of 6H-type S i c  c r y s t a l s :  
e l e c t r o n  beam along (a)  Yll.01 and (b) [10.0] .  
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e s s e n t i a l l y  unchanged even a f t e r  o x i d i z i n g  f o r  s e v e r a l  hours a t  750°C. 

A1N f i l m s  thus  possess  a f a r  higher  r e s i s t a n c e  t o  chemical a t t a c k  than 

do t h e  o t h e r  A1-V compounds. 

3.1.4 O p t i c a l  Measurements I - U l t r a v i o l e t  - I n  g e n e r a l ,  

q u a l i t a t i v e  examination of t h e  o p t i c a l  s p e c t r a  confirmed t h a t  t h e  f i l m s  

were A1N. Q u a n t i t a t i v e  comparisons, however, i n d i c a t e d  t h a t  c e r t a i n  

prominent f e a t u r e s  of t h e  s p e c t r a  w e r e  inf luenced by e f f e c t s  due t o  

i m p u r i t i e s  o r  s t r u c t u r a l  d i s o r d e r  i n  t h e  f i l m s ,  

Data from sample 2-192-3, A1N/CaF2, depos i t ed  a t  600°C a r e  

p re sen ted  i n  F i g .  22 .  A Cary Spectrophotometer was used t o  o b t a i n  t h e  

d a t a ,  

of energy. Various v a l u e s  f o r  t h e  energy gap could b e  obtained f o r  

t h i s  f i l m ,  depending on t h e  energy f u n c t i o n  p l o t t e d .  More meaningful,  

however, is a comparison t o  t h e  d a t a  of Cox et  a l .  (Ref. 56) who measured 

t h e  abso rp t ion  s p e c t r a  f o r  t h i n  A1N s i n g l e  c r y s t a l  p l a t e l e t s .  Their  

d a t a ,  shown i n  Fig.  23, g i v e  t h e  a b s o r p t i o n  s p e c t r a  f o r  an  as-grown 

A1N s i n g l e  c r y s t a l  t o g e t h e r  w i th  an  abso rp t ion  trace f o r  t h e  same c r y s t a l  

a f t e r  annea l ing  f o r  2 hours  a t l l O O ' C  i n  argon. 

normalized t o  t h e  same v a l u e  as t h a t  of Cox e t  a l .  a t  wavelengths g r e a t e r  

t han  3600 A, show an  i n c r e a s i n g  abso rp t ion  t h a t  c l o s e l y  p a r a l l e l s  t h a t  

of t h e i r  Ar-annealed c r y s t a l ,  al though t h e  ccrrespondence is n o t  e x a c t .  

Cox e t  a l .  (Ref. 56) i n t e r p r e t  t h e  abso rp t ion - lnc rease  caused by argon 

anneal ing as be ing  due t o  n i t r o g e n  vacancy formation. I n  F ig .  23, w e  

also show t h e  a b s o r p t i o n  s p e c t r a  of t w o  f i l m s  of r e a c t i v e l y  s p u t t e r e d  A l N  

whichhavebeen  prepared t o  n e a r l y  i d e n t i c a l  t h i cknesses  on s i l i c a ,  a f t e r  

The a b s o r p t i o n  i s  seen  t o  rise monotonically as a f u n c t i o n  

The d a t a  i n  Fig.  22, when 
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Fig .  22 Absorpt ion spectrum of A1N f i l m  on CaF2. 
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Fig .  23 O p t i c a l  abso rp t ion  d a t a  comparing p r o p e r t i e s  of 
r e a c t i v e l y  s p u t t e r e d  A1N t o  bu lk  s i n g l e  c r y s t a l s .  
Film 2-203-2 i s  an  as-grown f i lm;  f i l m  2-203-3 has  
been s i m i l a r l y  depos i ted  b u t  h a s  been annealed a t  
900°C i n  N2. 
e t  a l e ) .  

T i  is  an  as-grown c r y s t a l  (Cox, 
T2 i s  a c r y s t a l  annealed i n  Argon. 
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which one w a s  annealed i n  n i t r o g e n  a t  900°C f o r  2 hour s .  The d a t a  

showed t h a t ,  a f t e r  annea l ing ,  t h e  abso rp t ion  of e n e r g i e s  less than  E 

(bulk) decreased and t h a t  a bulk spectrum w a s  observed. 
P 

Changes i n  t h e  spectrum w e r e  emphasized by ob ta in ing  a 

d i f f e r e n t i a l  spectrum by p l a c i n g  t h e  N annealed f i l m  i n  t h e  r e f e r e n c e  

compartment of t h e  Cary, and t h e  unannealed f i l m  i n  t h e  r e g u l a r  sample 

compartment, F ig .  24. It  can b e  seeE t h a t  t h e r e  are s i g n i f i c a n t  changes 

a t  4.42, 3.75, and 2.8 e V .  The f e a t u r e  of 5.05 e V  may b e  an  in s t rumen ta l  

a r t i f a c t ,  s i n c e  t h e  s l i t s  are opening r a p i d l y  i n  t h i s  wavelength r eg ion .  

2 

The d i f f e r e n t i a l  spectrum shows t h a t  t h e  number of mid-gap 

s ta tes  i s  s i g n i f i c a n t l y  reduced by t h e  n i t r o g e n  anneal .  It  a l s o  shows 

t h a t  a s i g n i f i c a n t  o r d e r i n g  of t h e  s t r u c t u r e  t a k e s  p l a c e .  The r educ t ion  

i n  s t a t e  d e n s i t y  is  i n d i c a t e d  by t h e  r e d u c t i o n  of t h e  abso rp t ion ,  wh i l e  

t h e  o r d e r i n g  i s  i n d i c a t e d  by t h e  appearance of d i s c r e t e  abso rp t ion  

th re sho lds  r a t h e r  t han  t h e  monotonically i n c r e a s i n g  abso rp t ion  found i n  

t h e  as-grown f i l m s .  

To i n s u r e  t h a t  t h e  s h i f t  of band-edge p o s i t i o n  i n  t h e  N2 

annealed f i l m s  w a s  n o t  due t o  an  e f f e c t  generated by a p a r t i c u l a r  type 

of s u b s t r a t e  a set  of f o u r  A1N f i l m s  w e r e  depos i t ed  t o  a th i ckness  of 

8000 a t  about 800°C, two on t h e  (0001) f a c e  of s a p p h i r e  (A1203) and 

two on v i t r e o u s  s i l i c a ,  and examined o p t i c a l l y  i n  annealed and unannealed 

s ta tes .  The r e s u l t s  are shown i n  F ig .  25, and i n d i c a t e  t h a t  t h e s e  sub- 

s t ra te  materials d i d  n o t  a f f e c t  t h e  p o s i t i o n  of t h e  abso rp t ion  edge nor 

t h e  g e n e r a l  d e t a i l s  of t h e  abso rp t ion  curves.  We thus  w e r e  l e d  t o  conclude 

t h a t  t h e  s h i f t  w a s  a s s o c i a t e d  w i t h  a b u i l t - i n  s u r p l u s  of A r  t rapped du r ing  
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Fig. 25 O p t i c a l  abso rp t ion  i n  fou r  A1N f i l m s ,  t h i ckness  
8000 A ,  depos i t ed  on v i t r e o u s  s i l i c a  and sapph i re  
under s a m e  s p u t t e r i n g  cond i t ions .  One f i l m  on each 
s u b s t r a t e w a s  given s t anda rd  anneal ingtreatment  
i n  n i t r o g e n .  
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d e p o s i t i o n  i n  t h e  growing f i l m .  The excess  Air may p a r t l y  r e p l a c e  n i t r o g e n  

and produce a n i t r o g e n  de f i c i ency  c o n d i t i o n  no t  d i s s i m i l a r  t o  t h a t  

r epor t ed  f o r  A r  annealed bu lk  c r y s t a l s  (Ref. 56) .  

Determination of an  a c c u r a t e  v a l u e  f o r  t h e  abso rp t ion  edge 

of A1N f i l m s  w a s  made by e v a l u a t i o n  of measurements performed i n  a 

p r e c i s i o n  u l t r a v i o l e t  spectrophotometer.  The appa ra tus  w a s  capable  of 

d e t e c t i n g  I/Io r a t i o s  of 

a r a t i o  of 10 

p u r i t y  s i l i c a  ("Suprasil")  which is no t  abso rben t  i n  t h e  nea r  u l t r a v i o l e t  

F igu res  26 and 27 show t r a n s m i t t a n c e  d a t a  f o r  3000 and 4500 f i l m s ,  

r e s p e c t i v e l y .  Deposi t ion temperatures w e r e  950OC. The p o s i t i o n  of t h e  

a b s o r p t i o n  edge w a s  determined by t h e  i n t e r s e c t i o n  of t h e  almost 

h o r i z o n t a l  ( n e g l i g i b l e  abso rp t ion )  curve wi th  an  ex tens ion  of t h e  curve 

I n  t h e  p r e s e n t  experiments d e t e c t i o n  of  

The s u b s t r a t e s  i n  each case were high -4 w a s  s u f f i c i e n t .  

a t  maximum s l o p e  ( s t r o n g  a b s o r p t i o n ) .  F igu res  28 and 29 show t r a n s m i t t a n c e  

d a t a  from a p a i r  of 1 pm f i l m s .  

(+ - 0.03 e V )  of t h e  a b s o r p t i o n  edge i n  t h e  "as-deposited" state.  

absence of t h e  a b s o r p t i o n  edge s h i f t  i s  puzzl ing b u t  w e  b e l i e v e  i t  i s  

a s s o c i a t e d  w i t h  t h e  h igh  d e p o s i t i o n  temperature  (%95OoC) used during 

t h e s e  experiments;  w e  n o t e  i n  l a t e r  experiments on EN t h a t  a maximum s h i f t  

occurs  i n  as-deposited room temperature d e p o s i t s .  The s h i f t  appears less 

pronounced i n  as-deposi ted f i l m s  prepared a t  higher  temperatures .  The 

average a b s o r p t i o n  edge, making use  of t h e  d a t a  contained i n  F igs .  26 

through 28, is l o c a t e d  a t  5.90 - + 0.08 e V .  A r e p l o t t i n g  of t h e  s t e e p l y  

s l o p i n g  p o r t i o n s  of t h e  curves i n  F igs .  26 through 29 us ing  a a (hv-Eg) 

as t h e  o r d i n a t e  where a i s  t h e  abso rp t ion  c o e f f i c i e n t ,  hv i s  t h e  photon 

energy and E is  t h e  band gap, r e s u l t e d  i n  l i n e a r  p l o t s  and i n d i c a t e d  
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t h a t  t h e  a s s o c i a t e d  e l e c t r o n i c  t r a n s i t i o n s  w e r e  of t h e  d i r e c t  t ype  (Ref. 5 7 ) .  

Figure 30, t h e  t r a n s m i t t a n c e  d a t a  from a r e l a t i v e l y  t h i c k  f i l m ,  ~3 u m ,  

showed n e g l i g i b l e  t r a n s m i t t a n c e  ( I / I  < a t  wavelengths s l i g h t l y  

g r e a t e r  t han  t h e  p rev ious ly  measured ( t h i n  f i l m  d a t a )  abso rp t ion  edge. 

0 

The f i l m  h a s  a c o n s i d e r a b l e  th i ckness ,  however, and much of t h e  abso rp t ion  

e f f e c t  is  considered as due t o  l i g h t  s c a t t e r i n g  w i t h i n  t h e  f i l m .  When 

f i l m  uv t r a n s m i t t a n c e  d a t a  is compared t o  bu lk  s i n g l e  c r y s t a l  d a t a ,  an 

obvious discrepancy is  no ted ,  v i z . ,  t h a t  t h e  v a l u e  of abso rp t ion  c o e f f i c i e n t  

a t  a given t h i c k n e s s  i s  g r e a t e r  i n  t h e  f i lms  by a n  o rde r  of magnitude o r  

more. This  discrepancy i s  almost c e r t a i n l y  t h e  r e s u l t  of s c a t t e r i n g  

a t  g r a i n  boundaries  which are i n h e r e n t  t o  t h e  mosaic s t r u c t u r e d  f i l m s .  I t  

i s  thus concluded t h a t  d a t a  r e l a t i n g  a b s o l u t e  v a l u e s  of a b s o r p t i o n  

c o e f f i c i e n t  cannot b e  ob ta ined  from such d e p o s i t s .  

F igu re  31 shows r e f l e c t a n c e  d a t a  from a d e p o s i t  ( a t  950°C, 

1 pm t h i c k )  prepared on a s i l i c o n  web s u r f a c e .  Such s u r f a c e s  are 

considered a tomica l ly  smooth. This experiment w a s  a minor disappointment 

s i n c e  some a b s o r p t i o n  s t r u c t u r e  w a s  a n t i c i p a t e d  i n  t h e  wavelength range 

below 2000 A. I n s t e a d ,  only a broad peak i s  observed a t  1600 (7.7 eV) . 
This peak i s  i i k e l y  t o  b e  a s s o c i a t e d  w i t h  s t r o n g  r e f l e c t i o n ( a n a l o g o u s l y ,  S i c  

shows a s t r o n g  peak a t  7 . 8  e V )  (Ref.  58), b u t  t h e  amplitude I /I i s ,  

i n  t h i s  case, g r e a t l y  a t t e n u a t e d  by s c a t t e r i n g  i n  t h e  mosaic-like s t r u c t u r e .  

R o  

The peaks a t  longer  wavelengths are due t o  i n t e r f e r e n c e  e f f e c t s  a t  t h e  

n i t r i d e - s i l i c o n  i n t e r f a c e  ( f u n c t i o n s  of f i l m  t h i c k n e s s ) .  A t t enua t ion  

of t h e s e  peaks i n  a wavelength range lower than  t h e  abso rp t ion  edge i s  
/ 

ev iden t  . 
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3.1.5 O p t i c a l  Measurements I1 - I n f r a r e d  - When t h e  f i l m s  desc r ibed  

i n  preceding s e c t i o n  w e r e  examined i n  an  i n f r a r e d  spectrophotometer ,  no 

prominent abso rp t ion  bands w e r e  observed over a wavelength range 4 t o  

14 pm. 

t h i cknesses  of t h e  f i l m s ;  bu lk  d a t a  (Ref. 7) i n d i c a t e  t h a t  optimum c r y s t a l  

t h i ckness  f o r  t h e  measurement of abso rp t ion  c o e f f i c i e n t  i n  t h i s  wavelength 

range i s  25 um.  

3.1.6 

The re la t ive absence of abso rp t ion  s p e c t r a  i s  due t o  t h e  s m a l l  

Dielectric P r o p e r t i e s  - A comparison w a s  made of t h e  capaci-  

t ive  p r o p e r t i e s  of r e a c t i v e l y  s p u t t e r e d  A1N f i l m s  w i t h  t h o s e  of t h e  b u l k  

haterial. To o b t a i n  a r e p r e s e n t a t i v e  r e s u l t  f o r  given d e p o s i t i o n  condi- 

t i o n s ,  c a p a c i t o r  s t r u c t u r e s  based on a metal-ni t r ide-metal  sandwich 

arrangement w e r e  cons t ruc t ed .  These c o n s i s t e d  of b a s e  e l e c t r o d e s ,  t hose  

i n  immediate c o n t a c t  w i t h  t h e  s u b s t r a t e ,  of s p u t t e r e d  T a ,  2500 1 t h i c k .  

Such f i l m s  e i t h e r  covered t h e  e n t i r e  s u b s t r a t e  o r  only p a r t  of i t ,  t h e  

l a t t e r  c o n f i g u r a t i o n  be ing  chosen t o  permit  o p t i c a l  e v a l u a t i o n .  A f t e r  

an A1N f i l m  w a s  depos i t ed ,  no i n t e n t i o n a l  h e a t i n g  of s u b s t r a t e s  w a s  

at tempted during t h e  e l e c t r o d i n g  schedu les .  The coun te r - e l ec t rode  

c o n f i g u r a t i o n  w a s  an  hexagonal a r r a y  of 0 . 3  mm d o t s  on 0.5 mm c e n t e r s ,  

t h u s  approximately 200 i n d i v i d u a l  test  samples w e r e  a v a i l a b l e  on a g iven  

s u b s t r a t e .  

Capacitance measurements were made over a frequency range 

between 1 and 100 kHz w i t h  a n  impedance b r i d g e  (General Radio Type 

1608-A). 

t u r e  change could b e  observed between 25" and 500"C, h e a t i n g  t a k i n g  p l a c e  

When Ta /AlN/Ta  sandwiches w e r e  examined t h e  e f f e c t s  t h e  tempera- 

i n  a loe5 t o r r  vacuum t o  prevent  o x i d a t i o n  of t h e  e l e c t r o d e s .  Attempts 
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t o  use gold o r  aluminum e lec t roded  sandwich s t r u c t u r e s  i n  similar experi-  

ments were unsuccess fu l ,  t h e  main d i f f i c u l t y  being caused by p e e l i n g  of 

t h e  coun te r - e l ec t rode  as t h e  temperature  w a s  r a i s e d .  Room temperature 

measurements w e r e  a l s o  made using t h e  Au/AlN/Ta  and A l / A l N / T a  sandwiches 

and were i n  e x c e l l e n t  agreement wi th  t h o s e  using t h e  Ta  e l e c t r o d e s .  

Reproducible measurements w e r e  obtained from f i lms  i n  t h e  

th i ckness  range 0.15 t o  5 microns.  F i l m s  w i th  th i cknesses  less than  

0.15 micron demonstrated an e r ra t ic  behavior under app l i ed  v o l t a g e s ,  

t h e  breakdown being a t t r i b u t e d  t o  leakage a t  g r a i n  boundaries.  The 

fol lowing d i e l e c t r i c  d a t a  thus are based on t h e  p r o p e r t i e s  of t h e  

t h i c k e r  f i l m s  . 
A t  25°C and 1 kHz, measurements of capac i t ance  y i e l d e d  a 

d i e l e c t r i c  c o n s t a n t ,  € / c o y  of about 8.5 i n  good agreement wi th  t h a t  f o r  

t h e  bulk.  

dependence and v a r i a t i o n s  of E / E  

s e v e r a l  f r equenc ie s  are shown i n  F ig .  3 2 .  Some comparative s e l e c t e d  

bu lk  d a t a  (Ref. 5) are a l s o  shown. The temperature  dependence of E / &  

f o r  t h e  f i l m  d i f f e r e d  from t h a t  f o r  t h e  bulk,  t h e  former being insen- 

s i t i v e  t o  temperature  up t o  350°C and a t  t h i s  l i m i t  s t i l l  r e t a i n i n g  a 

room temperature  va lue .  The d i e l e c t r i c  cons t an t  f o r  t h e  bu lk  material  

a t  350°C and 1 kHz shows a three-fold i n c r e a s e  over t h e  room temperature 

value.  

The f i l m  d i e l e c t r i c  proved t o  have a s l i g h t  frequency 

wi th  temperature  up t o  500°C f o r  
0 

0 

The d i s s i p a t i o n  f a c t o r ,  D ,  as a f u n c t i o n  of temperature  i s  

shown i n  Fig.  33. Again, t h e r e  is  l i t t l e  temperature  v a r i a t i o n  up t o  

350°C whereas t h e  bu lk  d a t a  (Ref. 5) i n d i c a t e  approximately two o r d e r s  

8 1  
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of magnitude change, r e f e r r e d  t o  t h e  room temperature  va lue ,  when 

measured a t  350°C and 1 0  kHz. 

It is  noteworthy, t h a t  t h e  t h i n  f i l m  c o n f i g u r a t i o n s  using t h e  

T a  e l e c t r o d e s  are s t r u c t u r a l l y  s t a b l e  even a f t e r  thermally cyc l ing  

several t i m e s  t o  500°C. 

d i f f u s i o n  of t h e  e l e c t r o d e  m a t e r i a l  has  accurred.  The thermal i n s e n s i -  

This  s t a b i l i t y  imp l i e s  t h a t  no s i g n i f i c a n t  

t i v i t y  of capac i t ance  and l o s s  d a t a  a l s o  appears  t o  suggest  t h a t  t h e  

f i l m s  c o n t a i n  fewer o r  less conductive i m p u r i t i e s  t han  t h e  bu lk  ceramic.  

Volume ac r e s i s t i v i t i e s ,  as c a l c u l a t e d  from C and D v a l u e s ,  

Ref. 5, were p l o t t e d  as a f u n c t i o n  of temperature  f o r  s e v e r a l  f r e -  

quencies  and are shown i n  F ig .  34 .  A t  f r equenc ie s  less than 10 kHz, t h e  

r e s i s t i v i t i e s  of b o t h  t h e  A1N f i l m s  and t h e  bu lk  material dec rease  f o r  

a corresponding i n c r e a s e  i n  frequency, t h e  e f f e c t  i n  t h e  bu lk  being more 

pronounced. The r e s i s t i v i t y - f r e q u e n c y  dependence f o r  t h e  bulk ceramic 

is  a l s o  r e t a i n e d  a t  f r equenc ie s  g r e a t e r  t han  10 kHz. 

t r e n d  i n  t h e  f i l m s ,  however, i n  t h e  h ighe r  frequency range i s  r eve r sed ,  

r e s i s t i v i t y  i n c r e a s i n g  w i t h  frequency. No s a t i s f a c t o r y  exp lana t ion  

i s  as y e t  a v a i l a b l e  t o  account  f o r  t h e  d i f f e r i n g  r e s i s t i v i t y - f r e q u e n c y  

r e l a t i o n s h i p s .  It i s  probable ,  however, t h a t  more than  one p o l a r i z a t i o n  

and conduction phenomenon is  o p e r a t i v e  and t h e  t h e  observed d a t a ,  

e s p e c i a l l y  i n  t h e  f i l m s ,  are due t o  a combination of superposed e f f e c t s  

The r e s i s t i v i t y  

(Ref. 59). 

The r e s i s t i v i t y - t e m p e r a t u r e  v a r i a t i o n s  i n  both t h e  f i l m s  and 

t h e  bu lk  show dec reas ing  r e s i s t i v i t i e s  as temperatures  are r a i s e d .  However, 

a t  comparable f r equenc ie s ,  t h e  f i l m  material e x h i b i t s  h ighe r  r e s i s t i v i t i e s  

i n  t h e  temperature  range below 400°C. Those f o r  t h e  f i l m s  show an  add i t iona  

frequency dependence a t  temperatures  nea r  and above 350°C. 
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3.1.7 P r o p e r t i e s  of Annealed Films - I n  a d d i t i o n  t o  t h e  d a t a  

r e f e r r e d  t o  i n  Sec.  3.1.6,  r e s u l t s  w e r e  obtained du r ing  temperature 

cyc l ing  of s e v e r a l  t es t  specimens. (The tests w e r e  co inc iden t  w i th  

I-V measurements which w i l l  b e  r epor t ed  i n  Sec. 3 .1 .9 . )  A t y p i c a l  

r e s u l t  appears  i n  Table V.  

f (kHz) 

1 

2 

5 

10 

15 

20 

50 

10 0 

Table V 

Frequency V a r i a t i o n  of Capacitance and Loss 
Of Some Annealed A1N F i l m s  

b e f o r e  220°C - 20 h r .  anneal  a f t e r  22OOC - 
C (F x 10-12) D C (F x 10-12) 

8.6 .04 8.7 

8.6 .0175 8.6 

8.45 .004 8 .5  

8 . 3  . G O 1 7  8.5 

8.1 . O O l  8.4 

7.9 . O O l  8 .4  

7 .9  .001 8 . 3  

7.9 ,0005 8 .1  

Values 

20 h r .  anneal  
D 

.025 

.0045 

,0015 

.0005 

.0005 

.0005 

.0005 

.0005 

Measurements i n  t h e  1 t o  100 kHz frequency range on annealed 

samples show no s i g n i f i c a n t  change i n  capac i t ance  b u t  d i s p l a y  an  appa ren t  

r e d u c t i o n  i n  l o s s .  This  sugges t s  t h a t  t h e  ac r e s i s t i v i t y  a t  f r equenc ie s  

above 1 kHz has  been inc reased  a f t e r  anneal ing.  A t  f i r s t  s i g h t ,  t h e s e  

r e s u l t s  c o n f l i c t  w i t h  a n  i n c r e a s e  i n  c u r r e n t  (and t h e r e f o r e  i n  t h e  dc 

conduc t iv i ty )  found i n  t h e  I - V  d a t a  a f t e r  anneal ing.  The apparent  

disagreement can be r e so lved  by cons ide r ing  t h e  observed i n c r e a s e  i n  t h e  

d i s p e r s i o n  of t h e  d i s s i p a t i o n  f a c t o r  a f t e r  anneal  r e l a t i v e  t o  t h a t  
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i n  t h e  as-grown f i l m s  ( s e e  F ig .  35; t h e s e  d a t a  are e x t r a c t e d  from 

Table V ) .  I f  t h e  d a t a  i n  F ig .  35 are ex t r apo la t ed  t o  f r equenc ie s  less 

than  1 kHz, one n o t e s  t h a t  t h e  l o s s  f o r  annealed f i l m s  soon becomes 

g r e a t e r  t han  f o r  t h e  unannealed f i l m s .  Thus, low frequency l o s s  cha rac t e r -  

i s t ics  would s t i l l  be  c o n s i s t e n t  w i t h  a lowered dc r e s i s t i v i t y  ( t h e  l a t t e r  

suggested by t h e  I -V  d a t a  of F ig .  4 0 ) .  

3.1.8 I - V  Measurements - To assess t h e  p o t e n t i a l  u se fu lness  of t h e  

A1N f i l m s  as d i e l e c t r i c  l a y e r s  i n ,  f o r  example, semiconductor f i e l d  

e f f e c t  dev ices ,  i t  w a s  d e s i r a b l e  t o  s tudy  t h e i r  behavior  under app l i ed  

f i e l d s .  Since t h e  h igh  p r e p a r a t i o n  temperatures  used i n  t h e s e  experiments  

had l i m i t e d  t h e  cho ice  of base  e l e c t r o d e s ,  on ly  f i l m s  depos i ted  on bulk  

S i  o r  on t o  s p u t t e r e d  T a  f i l m s  were i n v e s t i g a t e d .  Data w e r e  ob ta ined  

us ing  t h e  sandwich arrangements descr ibed  previous ly .  I n  some cases, 

l a r g e  area coun te re l ec t rodes  were a l s o  used. 

F igs .  36 t o  39 i l l u s t r a t e  some of t h e  r e s u l t s .  I n  gene ra l ,  w i th  

Au and T a  coun te re l ec t rodes ,  d a t a  are rep roduc ib le  i n  form. Th i s  i s  

i l l u s t r a t e d  i n  F ig .  36 which shows a p l o t  based on measurements from 

f o u r  0.5 mm diameter  e l e c t r o d e  areas on t h e  same f i l m .  Each c a p a c i t o r  

s t r u c t u r e  w a s  measured up t o  about  70 V and one w a s  t aken  t o  a maximum 

v o l t a g e  o f  115 V.  The I -V  c h a r a c t e r i s t i c  up t o  about  6 0 - 7 0 V  w a s  r e v e r s i b l e  

However, when t h e  c u r r e n t  was t aken  t o  h igh  va lues  a new c h a r a c t e r i s t i c  

w a s  fol lowed on reducing  t h e  vo l t age .  This  p l o t  approximates t o  a square  

l a w ;  i . e . ,  t h e  observed dependence i s  

J = k (V)2'2 . (5) 

87  



I I I I l l  I I I I (  I 

0.5 1 5 
Frequency, kH 

Z 
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( l o s s )  of r e a c t i v e l y  s p u t t e r e d  A1N f i l m s .  
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The s l o p e  of t h e  low v o l t a g e  segment of t h e  i n i t i a l  p l o t  on a l l  f i l m s  

t e s t e d  i s  approximately u n i t y  i n d i c a t i n g  t h a t  Ohm's l a w  i s  followed. 

I 

It i s  i n t e r e s t i n g  t o  compare our r e s u l t s  w i th  t h e  d a t a  of 

Kawabe (Ref. 60) e t  a l .  f o r  s i n g l e  c r y s t a l  p l a t e l e t s  of A1N f i t t e d  wi th  

Au e l e c t r o d e s  on oppos i t e  faces. These workers e x p l a i n  t h e i r  r e s u l t s  on 

t h e  b a s i s  of a space-charge l i m i t e d  c u r r e n t  mechanism of t h e  type  out- 

l i n e d  i n  t h e  theory of Lampert (Ref. 61) .  A t  low app l i ed  v o l t a g e s  where 

any excess  i n j e c t e d  carr iers  a r e  t r apped ,  t h e  c a r r i e r s  "n" normally 

p r e s e n t , t h e r m a l l y  w i l l  g e n e r a t e  an ohmic c u r r e n t  of t h e  form 

where Va i s  t h e  v o l t a g e  a p p l i e d  t o  an  i n s u l a t o r  of t h i ckness  d ,  and p 

i s  t h e  carrier m o b i l i t y .  When the  t r a p s  are f i l l e d  a t  an  app l i ed  v o l t a g e  

t h e  i n j e c t e d  carriers are a v a i l a b l e  f o r  conduction and a s t e e p  r ise 'TFL 3 

i n  c u r r e n t  occurs  u n t i l  t h e  I - V  c h a r a c t e r i s t i c  m e e t s  a l i n e  r ep resen ted  

by C h i l d ' s  l a w ,  i . e . ,  

2 3  J = 9 0 s p V a / 8 d ,  (7) 

where 0 i s  t h e  f r a c t i o n  of t h e  t o t a l  charge a v a i l a b l e  f o r  conduction, 

and E t h e  d i e l e c t r i c  c o n s t a n t  of t h e  i n s u l a t o r .  

The r e s u l t s  of Kawabe e t  a l .  (Ref. 60) f o r  Au e l e c t r o d e s  are 

reproduced a t  t h e  r i g h t  of F ig .  36 and demonstrate t h e  extreme s e n s i t i v i t y  

of t h e  I-V c h a r a c t e r i s t i c  t o  thermal h i s t o r y  of t h e  c r y s t a l ,  and presumably 

t o  a number of t r a p s .  Curve I i s  t h e  r e s u l t  obtained i n i t i a l l y ,  Curve 11 

a f t e r  t h e  c r y s t a l  has been heated t o  160°C and cooled s lowly,  and Curve I11 

a f t e r  h e a t i n g  t o  160°C and quenching. These t r ea tmen t s  produce s i g n i f i c a n t  
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changes i n  V and hence i n  t h e  v o l t a g e  ranges over which Ohm's l a w  

(equat ion ( 6 ) )  and Ch i ld ' s  l a w  ( equa t ion  ( 7 ) )  are obeyed. 

TFL 

Our d a t a  f o r  t h e  Au e l e c t r o d e d  A1N f i l m  are no t  i n c o n s i s t e n t  

with t h e  space-charge l i m i t e d  model, al though they are  open t o  a l t e r n a t i v e  

i n t e r p r e t a t i o n s .  I f  t h i s  model is assumed, t h e  approximate va lue  of 

can b e  used i n  t h e  t h e o r e t i c a l  expres s ion ,  'TFL 

'TFL = e d2 Nt/2 E ( 8 )  

t o  c a l c u l a t e  t he  t r a p  d e n s i t y  N . Taking V as 75 V ,  from Fig.  36 

cm. and E as 8.5, t h e  va lue  of N is  about 10 /em . d as 8 x 

This i s  about 5 o r d e r s  of magnitude h i g h e r  t han  Kawabe e t . a l .  (Ref. 60) 

f i n d  f o r  s i n g l e  c r y s t a l s  b u t  i s  a reasonable  estimate f o r  a p o l y c r y s t a l l i n e  

f i lm .  I n c i d e n t a l l y  t h i s  va lue  of N corresponds very c l o s e l y  t o  t h e  

number of c r y s t a l l i t e s / c m 3  i n  t h e  f i l m  ( i . e . ,  2.5 x 10 

t h e  micrographic d a t a  i n  Fig.  1 9 .  

t TFL 
18 3 

T 

T 
17 3 / c m  ) based on 

Some r e s u l t s  ob ta ined  wi th  A 1  e l e c t r o d e s  on t h e  same A1N f i l m  

are shown i n  Fig.  3 7 .  A much wider  v a r i a t i o n  of t h e  I - V  c h a r a c t e r i s t i c s  

from sample t o  sample w a s  found i n  t h i s  case and t h e  c u r r e n t  w a s  more 

e r r a t i c  a t  lower v o l t a g e s .  This  behavior  could mean a v a r i a t i o n  i n  t h e  

number and energy of t r a p s  between samples,  b u t  i n  view of t h e  consis tency 

i n  t h e  r e s u l t s  w i th  Au e l e c t r o d e s ,  i t  is more probable  t h a t  t h e  e f f e c t  

i s  s p u r i o u s ,  and arises from a chemical i n t e r a c t i o n  o r  perhaps an  oxide 

f i l m  a t  t h e  A l / A l N  i n t e r f a c e .  

Rather s t r o n g  photoconduct ivi ty  e f f e c t s  w e r e  observed wi th  t h e  

A l / A l N / A l  sandwiches although none were observed when o t h e r  e l e c t r o d e  

materials w e r e  used. Using v i s i b l e  r a d i a t i o n  from a tungsten lamp, 
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Pig. 37 Current-voltage data for Al/AlN/Ta film sandwich 
structure, A1N film thickness 8000 A. Curves A, B 
and C obtained from adjacent test samples on same 
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focused wi th  an i n t e r n a l  p a r a b o l i c  r e f l e c t o r ,  no photoconduction w a s  

d e t e c t e d .  However, w i th  a 2 w a t t  mercury-argon lamp placed about one 

inch from t h e  sample, t h e  r e s u l t s  shown i n  Fig.  38 were obtained.  

Although t h e  s p e c t r a l  dependence of t h e  e f f e c t  w a s  n o t  measured, i t  

seems probable  t h a t  t h e  photoconduction i s  a maximum a t  about 2.8 e V ,  

which Cox, e t .a l .  (Ref. 56) and Kawabe e t . a l .  (Ref. 60) r e p o r t  f o r  

Al-doped A1N c r y s t a l s .  

F igu re  39 shows a f a i r l y  t y p i c a l  I -V  c h a r a c t e r i s t i c  f o r  a 

T a / A l N / T a  sandwich. This  r e s u l t  is  somewhat d i f f e r e n t  from those  found 

wi th  A 1  and Au e l e c t r o d e s .  Thus, d e s p i t e  t h e  f a c t  t h a t  a t h i n n e r  sample 

w a s  used (approximately 4000 A) t h e  c u r r e n t  values  are reduced compared 

wi th  those  f o r  A 1  and Au, except a t  low app l i ed  vo l t ages  i n  t h e  near- 

ohmic range. Also,  t h e  e f f e c t i v e  f i e l d  f o r  breakdown was r e l a t i v e l y  

h igh ,  corresponding t o  a v o l t a g e  of 350 V ,  g iv ing  a d i e l e c t r i c  s t r e n g t h  

of about 9 x 10 V/cm. 6 

3.1.9 I -V  Data f o r  Annealed Films - Because e f f o r t s  t o  f u l l y  

exp lo re  t h e  complete I-V behavior  were impeded by errat ic  behavior  a t  high 

vo l t age ,  t h e  c u r r e n t s  i n  t h i s  r eg ion  be ing  s t r o n g l y  t i m e  dependent, several 

t e s t  specimens were examined a t  e l e v a t e d  temperatures.  The purpose of 

an inc reased  temperature  w a s  t o  poss ib ly  f a c i l i t a t e  a complete f i l l i n g  

of t r a p s  a t  lower v o l t a g e  thus p e r m i t t i n g  obse rva t ion  of t h e  t r a p - f i l l e d  

v o l t a g e  l i m i t  b e f o r e  t h e  o n s e t  of i n s t a b i l i t y .  

Some r e s u l t s  from hea ted  f i l m s  appear i n  Fig.  40. The 25°C 

curve d e p i c t s  t y p i c a l  behavior  f o r  an  as-grown f i l m .  Data i n  t h i s  case 

were taken from T a / A l N / T a  sandwiches i n  which t h e  n i t r i d e  th i cknesses  
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Fig. 38 Photoconductivity effect for Al/AlN/Ta film sandwich 
(sample illuminated with mercury-argon lamp). 
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were approximately 4500 1. 
decrease i n  dc r e s i s t i v i t y  w a s  observed. A t  150"C, t h e  r a p i d l y  r i s i n g  

c u r r e n t  r e s i o n  i s  no longer  prominent. The a n t i c i p a t e d  f i l l i n g  of t r a p s  

and observance of r e v e r s i b l e  t r a n s i t i o n  t o  a C h i l d ' s  type,  s q u a r e  l a w  

I-V r e l a t i o n s h i p ,  however, had n o t  occurred even a t  an  app l i ed  p o t e n t i a l  

of 100 v o l t s .  A t  150°C, and wi th  120 v o l t s  app l i ed ,  t h e  squa re  l a w  

dependence w a s  f i n a l l y  observed b u t  i t  had occurred i r r e v e r s i b l y ,  

Curve A ,  F ig .  40.  Moreover, a 20 h r .  annea l  a t  150°C of similar sandwiches 

with no a p p l i e d  v o l t a g e  produced i d e n t i c a l  i r r e v e r s i b l e  squa re  l a w  

behav io r s ,  Curve B ,  F ig .  40 (measured a t  room temperatures a f t e r  annea l ) .  

On r a i s i n g  t h e  temperature ,  a p rogres s ive  

The mechanism which has  produced t h e  new I - V  c h a r a c t e r i s t i c  

i s ,  as y e t ,  unce r t a in .  I n  e f f e c t ,  t h e  behavior  sugges t s  t h a t  a l l  t r a p s  

are f i l l e d  o r  no longer  a v a i l a b l e .  D i f fus ion  of Ta  from e l e c t r o d e s  

seems u n l i k e l y  s i n c e  t h e  o r i g i n a l  d e p o s i t i o n  of A1N took p l a c e  a t  950°C 

(on one e l e c t r o d e ) .  To test t h e  p o s s i b l e  e f f e c t s  of d i f f u s i o n  from a 

s u r f a c e  e l e c t r o d e ,  however, I - V  measurements were made on s e v e r a l  

A l / A l N / T a  sandwiches, t h e  A 1  being depos i t ed  on an unheated A1N f i l m  

( t h i c k n e s s  6 0 0 0 1 ) .  A f t e r  a 20 h r . ,  220°C annea l ,  d e p a r t u r e  from t h e  

space-charge l i m i t e d ,  t r a p - f i l l e d  behavior  w a s  observed and is shown i n  

Fig.  41. The cu rves ,  i n  f a c t ,  tend t o  resemble those  produced by a 

150°C annea l  of t h e  45001  T a / A l N / T a  s t r u c t u r e  (Fig.  4 0 ) .  

were then  submit ted t o  a f u r t h e r  60 h r . ,  220°C anneal .  

e l ec t roded  and unelectroded r eg ions  were subsequent ly  examined, t h e  l a t t e r  

now r e c e i v i n g  A 1  e l e c t r o d e s .  These r e s u l t s  are a l s o  inco rpora t ed  i n  

Fig.  41. The s q u a r e  l a w  c h a r a c t e r i s t i c  i s  n o t  observed, p o s s i b l y  

The specimens 

Both p rev ious ly  
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a h ighe r  temperature  i s  r equ i r ed  f o r  t h e  6000 A1N f i l m .  D i f fus ion  seems 

even more u n l i k e l y ,  a t  t h i s  p o i n t ,  s i n c e  unelectroded a reas  (during d i f f u -  

s i o n )  showed s imi l a r  behavior  t o  p rev ious ly  e l ec t roded  and annealed 

r eg ions .  

3.1.10 C-V Yeasurements - Capacitance-voltage s t u d i e s  , v i z .  , those 

which relate t o  some p r o p e r t i e s  of MIS dev ices ,  were made on several A1N 

f i lms  s p u t t e r e d  onto s i l i c o n  s u b s t r a t e s .  

The f i lms  f e l l  i n t o  s e v e r a l  c a t e g o r i e s ,  depending on t h e  

temperature a t  which they were depos i t ed ,  and t h e  technique used t o  h e a t  

them during t h e  d e p o s i t i o n .  I n  an  e a r l y  series,  i n  which s u b s t r a t e s  w e r e  

heated r e s i s t i v e l y  by pass ing  c u r r e n t  through t h e  s i l i c o n ,  two f i l m s  

were prepared a t  1000°C and 800°C r e s p e c t i v e l y .  

n o t  s u f f e r  d i e l e c t r i c  breakdown f o r  v o l t a g e s  < 100 v o l t s  and t h e  C-V 

study of t h i s  f i l m  i s  desc r ibed  below. The o t h e r  (800°C) f i l m  b roke  

down a t  n, 4 v o l t s ,  o b v i a t i n g  any s tudy  of i t s  C-V c h a r a c t e r i s t i c s .  Later 

sets of f i l m s  w e r e  prepared on s i l i c o n  s u b s t r a t e s  hea ted  i n s i d e  tantalum 

envelopes.  For f i l m s  h e l d  i n  envelopes a t  a nominal 800", 900" o r  

1000°C temperatures ,  breakdown w a s  observed a t  5 t o  15 v o l t s  when f i l m  

th i cknesses  were less than  1500 b. When th i cknesses  exceeded 1500-2000 8, 

r e s u l t s  were r ep roduc ib le  and similar t o  those  f o r  a d i l u t e  mixed n i t r i d e  

as shown i n  Fig.  57 of Sec. 3.4.1.3. 

The 1000°C sample did 

For t h e  r e s i s t i v e l y  hea ted  f i l m  on which C-V measurements were 

made, t h e  s u b s t r a t e  w a s  p-type, and t h e  accumulation mode capac i t ance  

a t  l a r g e  n e g a t i v e  p o t e n t i a l s  a c r o s s  t h e  sample ( s i l i c o n  grounded) v a r i e d  

from 3.0 t o  3.9 p i c o f a r a d s  as t h e  AlIV f i l m  th i ckness  v a r i e d  from t h e  
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t h e  c e n t e r  of t h e  sample t o  i t s  edges. 

c a l c u l a t e d  from these  va lues  l i e s  between 8.0 and 9 . 4 ;  t h e s e  numbers 

b racke t  t h e  publ ished va lues .  The unce r t a in ty  arises from t h e  method 

used t o  determine t h e  f i l m  th i ckness ,  t h a t  is ,  count ing t h e  i n t e r f e r e n c e  

f r i n g e s  observed under monochromatic l i g h t .  D i e l e c t r i c  loss i n  these  

1000 w f i l m s  w a s  n e g l i g i b l e  at 100 kHz. 

The A1N f i l m  d i e l e c t r i c  cons t an t  

I n  t h e  t r a c i n g  of a t y p i c a l  C-V p l o t  (Fig.  4 2 1 ,  t h e  b i a s  

vo l t age  w a s  swept from zero  t o  +60 v o l t s ,  then from +60 to -60 v o l t s  

and back by a 0.025 Hz saw-tooth sweep gene ra to r .  

Qn t h e  i n i t i a l  sweep, from 0 t o  +60 v o l t s ,  t h e  capac i tance  of  

z1 t y p i c a l  u n i t  w a s  2.4 pF, i ts  lowest: va lue .  The capac i tance  remained 

a t  2.4 pF on t h e  sweep from +60 v o l t s  t o  about -25 volts, when i t  r o s e  t o  

3 . 3  pF. This  va lue  w a s  maintained as t h e  sweep continued to -60 v o l t s ,  

and back t o  +3Q v o l t s  when a decrease t o  2.4 pF w a s  observed. On 

cont inued sweeping, t h e  p o i n t  of i n c r e a s e  i n  Capacitance s h i f t e d  from 

-25 t o  -37 v o l t s ,  wh i l e  t h e  p a i n t  of decrease  remained a t  +30 v o l t s ,  

I n  a l l ,  t h e  mid-point of  t h e  capac i tance  change, t h a t  is t h e  vo l t age  

= 2.9 pF, s h i f t s  by 75 v o l t s  w i th  each sweep at which C = 

t o  - 4- 60 volts.  

t o  c a l c u l a t e  t h e  charge induced i n  t h e  semiconductor by t h e  charges i n  

the d i e l e c t r i c ,  v i z . *  

3 . 3  + 2.4 
2 

Using t h e  r e l a t i o n s h i p  given by Grave, e t .a l .  (Ref,  6 2 )  

where Q 

f la t -band v o l t a g e ,  C /A is  t h e  capac i tance  p e r  u n i t  area and Q, is  t h e  

is  t h e  number of induced charges p e r  u n i t  area, VFB is the  
S '  
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metal-semiconductor work f u n c t i o n  d i f f e r e n c e  (usua l ly  neg lec t ed )  , w e  

12  2 n o t e  t h a t  a charge of 7 x 10 charges/cm thus occurs i n  t h e  s u r f a c e  

s t a t e  d e n s i t y  w i t h  each sweep. 

The sense of t h i s  h y s t e r e s i s  i n  t h e  C-V behavior  is  t h a t  of 

i o n s  moving i n  t h e  oxide under t h e  d r i v e  of t h e  - + 60 v o l t  sweep. 

sweep v o l t a g e s  g e n e r a t e  smaller loops.  Flat-band cond i t ions  occur a t  

smaller v o l t a g e s  i n  bo th  d i r e c t i o n s .  Motion of i o n s  of only a s i n g l e  

charge type  cannot account f o r  t h e c m e  of t h e  f la t -band voxtage from 

l a r g e  p o s i t i v e  t o  l a r g e  n e g a t i v e  va lues :  i t  is  necessary t h a t  both 

p o s i t i v e  and n e g a t i v e  i o n s  b e  p r e s e n t .  h a l t e r n a t e  exp lana t ion  is  

t h a t  t h e  A1N f i l m  i s  p o l a r i z a b l e ,  and t h a t  t h e  degree and d i r e c t i o n  of 

t h e  p o l a r i z a t i o n  are determined by t h e  sweep vo l t age .  

Reduced 

In  f i l m s  prepared i n  hea ted  Ta envelopes,  d e p o s i t s  on 

p-type S i  s i m i l a r l y  d i s p l a y  a charge a s s o c i a t e d  movement wi th  a change 

of b i a s .  C-V d a t a  f o r  f i l m s  on n-type s u b s t r a t e s  are remarkably 

d i s s i m i l a r  showing no loop c h a r a c t e r i s t i c .  A p o s s i b l e  doping of t h e  

s u b s t r a t e  s u r f a c e ,  t hus  forming a p-type l a y e r  and j u n c t i o n ,  is  b e l i e v e d  

i n f l u e n t i a l  i n  the suppressed c h a r a c t e r i s t i c s  of t h e s e  f i l m s .  I n t e r -  

p o s i t i o n  of t h i n ,  thermally grown S i 0 2  l a y e r s  are p o s s i b l e  reEedies  t o  

t h e  doping e f f e c t .  

3.2 Reac t ive ly  Spu t t e red  A1N (Triode System) 

During t h e  course of t h e  p r e s e n t  i n v e s t i g a t i o n ,  i t  w a s  noted 

t h a t  a f t e r  a p e r i o d  of many hours  t h e  growth ra te  of A1N would dec rease  

due presumably t o  t h e  formation of a p a s s i v a t i n g  l a y e r  of t h e  compound 
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on t h e  cathode. I n  a p a r t i c u l a r  experiment,  a drop i n  t h e  N p a r t i a l  

p r e s s u r e  occurred i n a d v e r t e n t l y  and w a s  a s s o c i a t e d  w i t h  a s i g n i f i c a n t  

i n c r e a s e  i n  t h e  t o t a l  s p u t t e r e d  A1N y i e l d .  The e f f e c t i v e  d e p o s i t i o n  

ra te  i n  t h i s  experiment w a s ,  i n  f a c t ,  some f i v e  t o  s i x  t i m e s  g r e a t e r  

than t h a t  normally observed. 

2 

Reference t o  an  earlier work by Kr iko r i an  and Sneed ( R e f . 6 3 )  

on t h e  r e a c t i v e  s p u t t e r i n g  of A 1  0 

s p u t t e r i n g  rates and a more h i g h l y  o r i e n t e d  d e p o s i t  might b e  obtained 

by using low p a r t i a l  p r e s s u r e s  of oxygen ( c i t e d  p re s su res  necessary f o r  

ep i t axy  of s t o i c h i o m e t r i c  f i lms  are between 10 and 2 x t o r r ) .  

It is  p o s s i b l e  t h a t  s i m i l a r  e f f e c t s  might occur  i n  t h e  reactive s p u t t e r i n g  

of A1N. Exp lo ra t ion  of such parameters i n  d e t a i l  is a t i m e  consuming 

e x e r c i s e  i n  an  u l t r a -h igh  vacuum f a c i l i t y ,  however, s i n c e  a wide range 

of growth temperatures  of N p a r t i a l  p r e s s u r e s  should b e  s t u d i e d .  

Therefore ,  i t  w a s  decided t h a t  a s y s t e m a t i c  s tudy  of f i l m  s t r u c t u r e s  and 

growth rates should b e  undertaken i n  a more f l e x i b l e  t r i o d e  s p u t t e r i n g  

system capable  of b a s e  p r e s s u r e s  i n  t h e  10 t o r r  range. Previous 

s t u d i e s  w i t h  such a system had i n d i c a t e d  t h a t  bo th  pu re  A 1  and A1N f i l m s  

could b e  depos i t ed  w i t h  t h i s  arrangement. 

suggested t h a t  bo th  inc reased  2 3  

-5 

2 

-7 

3.2.1 P r e p a r a t i o n  - The experimental  arrangement b a s i c  t o  t h e  

supported d i scha rge  f a c i l i t y  c o n s i s t s  of a f i l amen t  ( tungs t en  w i r e ) ,  

anode, t a r g e t  and grounded s u b s t r a t e  suppor t .  The la t ter  p a i r  are 

p o s i t i o n e d  i n  a ver t ical  p l ane  p a r a l l e l  t o  one ano the r .  The t a r g e t -  

s u b s t r a t e  spac ing  i s  4 cm. An a x i a l  magnetic f i e l d  is a p p l i e d  p a r a l l e l  

t o  t h e  e l e c t r o n  c u r r e n t  which flows from t h e  f i l amen t  t o  t h e  anode, and 
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h e l p s  t o  enhance t h e  p r o b a b i l i t y  of i o n i z i n g  c o l l i s i o n  i n  t h e  t a r g e t -  

s u b s t r a t e  r eg ion .  S p u t t e r i n g  i s  c a r r i e d  o u t  by a c c e l e r a t i n g  t h e  ion ized  

s p e c i e s ,  argon,  onto a n e g a t i v e l y  b i a s e d  (1500-2000 V) A 1  t a r g e t .  

S u b s t r a t e s  are hea ted  i n  T a  s t r i p  h e a t e r  envelopes and t h e  

working arrangement permits  s e q u e n t i a l  h e a t i n g  and exposure t o  t h e  d i s -  

charge of one of fou r  s u b s t r a t e s .  

3.2.2 Composition and Growth Rate Evaluat ion - Some d a t a  ob ta ined  

by e l e c t r o n  and X-ray d i f f r a c t i o n  analyses  which a r e  r e p r e s e n t a t i v e  of 

A1N f i lms  s p u t t e r e d  r e a c t i v e l y  i n  t h e  t r i o d e  s p u t t e r i n g  f a c i l i t y  are 

shown i n  Table V I .  The s p u t t e r i n g  v o l t a g e  i n  a l l  experiments except  t hose  

marked w i t h  an a s t e r i s k  w a s  -1500 V .  

w i t h  t h e  t a r g e t  a t  -2000 V. 

The marked values  were prepared 

t o r r .  A r  p r e s s u r e s  w e r e  f i x e d  a t  5 x 

Table V I  Data f o r  Triode Reac t ive ly  Spu t t e red  A1N Films 

Temp. O C  N2 Press .  ( t o r r )  
Film 

Composition Thickness (8,) 
Growth Rate 

(A/min) 

300 O C 

560 O C 

560°C 

560 O C 

560°C 

700°C 

900 O c 
*800 O C 

*goo O c 

A 1  

A 1  

A 1  

A 1  & A1N 

A1N 

A1N 

A1N 

A1N 

A1N 

3000 8, 

1000 8, 
1000 f l  
1000 i; 

2000 1 
3000 8, 

3000 & 
3000 1 
1500 fl  

100 

34 

34 

34 

100 

100 

~ 5 0  

100 
80 

W e  assume t h a t  t h i ckness  and growth rates a s s o c i a t e d  wi th  

d e p o s i t i o n  a t  300°C r e f l e c t ,  t o  a f a i r  approximation, t h e  s p u t t e r i n g  
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rate of A 1  a t  -1500 V dc. Thus, t h e  growth rates of A1N nea r  560°C 

seem t o  r e p r e s e n t  complete r e a c t i o n  of a l l  i n c i d e n t  A 1  atoms when t h e  

N p r e s s u r e  exceeds 5 x 10 t o r r .  A t  h i g h e r  temperatures ,  a s t i c k i n g  

f a c t o r  c o r r e c t i o n  must b e  accounted f o r .  

-4 
2 

O p t i c a l  and e l e c t r i c a l  measurements w e r e  made on f i lms  depos i t ed  

on v i t r e o u s  s i l i c a  

($ 1000 8 t h i c k ) .  

t a r g e t  v o l t a g e s  of 

temperatures which 

(2 -.271), t h e  t a r g e t  

s u b s t r a t e s  p a r t l y  m e t a l l i z e d  w i t h  s p u t t e r e d  T a  e l e c t r o d e s  

The f i r s t  set  of f o u r  f i lms  (2-270) w e r e  grown wi th  

-1500 Vdc, a N p a r t i a l  p r e s s u r e  of 5 x 10 t o r r  and a t  

ccvered t h e  range 6CO" t o  900°C. For t h e  second s e t  

v o l t a g e  w a s  a l t e r e d ,  i n  t h i s  case be ing  -2000 Vdc. 

-4 
2 

Film th i cknesses  ranged from 1500 1 t o  3000 1. 

d i f f r a c t i o n  d a t a ,  t h e  f i l m  s t r u c t u r e s  w e r e ,  i n  a l l  cases, c o n s i s t e n t  

w i t h  t h a t  expected f o r  pu re  A1N.  No a d d i t i o n  phase,  e . g . ,  A l ,  w a s  

d e t e c t e d .  Both t h e  degree of c r y s t a l l i n i t y  and o r i e n t a t i o n ,  however, 

w e r e  observed t o  i n c r e a s e  markedly as t h e  s u b s t r a t e  temperature w a s  

i nc reased  from 600" t o  900°C. 

A s  judged from e l e c t r o n  

3.2.3 O p t i c a l  P r o p e r t i e s  - The o p t i c a l  abso rp t ion  d a t a  f o r  these 

f i lms  d i f f e r e d  s i g n i f i c a n t l y  from t h a t  ob ta ined  from A1N f i l m s  prepared 

i n  a glow d i scha rge  environment. I n  t h e  l a t t e r  c o n d i t i o n s ,  t h e  p a r t i a l  

p re s su res  of A r  and N w e r e  80 x and 5 x t o r r ,  r e s p e c t i v e l y .  

The t r i o d e  s p u t t e r e d  f i l m s  d i sp layed  a sha rp  abso rp t ion  edge and 

i r r e s p e c t i v e  of t h e  s u b s t r a t e  temperature  (wi th in  t h e  600" t o  900°C range) 

t h e  p o s i t i o n  of t h e  edge corresponded t o  an energy gap of 5.95 2 0 .5  ev  

(Fig.  4 3 ) .  It should b e  emphasized t h a t  t h e s e  f i l m s  w e r e  n o t  s u b j e c t e d  

t o  a N 

2 

annea l  y e t  d i sp l ayed  t h e  bu lk  41N o p t i c a l  spectrum i n  t h e  2 
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Fig. 43 O p t i c a l  a b s o r p t i o n  i n  t h r e e  A1N f i l m s  depos i t ed  on 

v i t r e o u s  s i l ica ,  two having been prepared by diode 
reactive s p u t t e r i n g ,  t h e  t h i r d  by t r i o d e  reactive 
s p u t t e r i n g .  The s h i f t  toward h ighe r  wavelength f o r  
t h e  unannealed diode-prepared f i l m  is l i k e l y  due t o  
a N2 d e f i c i e n c y  i n  t h e  f i l m .  
does n o t  s u f f e r  i n  a l i k e  manner. 

The t r i o d e  prepared f i l m  



as-deposi ted cond i t ion .  

discharge depos i t ed  f i l m s  which, as-deposited a t  lower temperatures ,  

showed s i g n i f i c a n t  s h i f t s  of t h e  abso rp t ion  edge t o  lower e n e r g i e s .  

This behavior  had n o t  been ev iden t  i n  t h e  glow 

3.2.4 E l e c t r i c a l  Measurements - T e s t  r e s u l t s  from experimental  

c a p a c i t o r  c o n f i g u r a t i o n s ,  i . e . ,  f i l m s  f i t t e d  wi th  0 . 3  mm evaporated A 1  

coun te re l ec t rodes ,  i n d i c a t e d  t h a t  even f o r  f i lms  only 1400 t h i c k ,  

t h e  d i e l e c t r i c  l o s s  w a s  low, l y i n g  t y p i c a l l y  a t  about .02 a t  500 Hz, 

decreasing t o  .003 a t  1 kHz and becoming less than .001 a t  f requencies  

g r e a t e r  t han  5 kHz. The d i e l e c t r i c  cons t an t  showed no p e r c e p t i b l e  

d i s p e r s i o n  w i t h  frequency and capac i t ances  of 50 p i c o f a r a d s  w e r e  measured. 

The behavior  of  t h e  very t h i n  f i lms  on a p p l i c a t i o n  of dc f i e l d s  

w a s  f a r  less e r r a t i c  t h a n  f o r  some of comparable th i ckness  prepared by 

glow d i scha rge  s p u t t e r i n g .  

w i th  a space-charge l i m i t e d  mechanism wi th  breakdown occur r ing  a t  about 

35 t o  60 Vdc corresponding t o  breakdown f i e l d s  g r e a t e r  t han  3 x 10 V / c m .  

Room temperature ,  dc resist ivit ies measured w i t h  an a p p l i e d  f i e l d  of 

3 x 10 V / c m  w e r e  approximately ohm-cm. 

The I - V  d a t a  showed conduction c o n s i s t e n t  

6 

5 

Seve ra l  A1N f i l m s  of two t h i c k n e s s e s ,  Q, 1000 1 and 3000 i, 

w e r e  depos i t ed  on bo th  n- and p-type S i  s u b s t r a t e s .  MIS measurements 

( a t  1 MHz) r evea led  t h a t  t h e  former w e r e  leaky and s u f f e r e d  breakdown 

a t  app l i ed  f i e l d s  of approximately 3 x 10 

e x h i b i t e d  a behavior  n o t  u n l i k e  t h a t  r epor t ed  f o r  n i t r i d e  f i lms  prepared 

by diode reactive s p u t t e r i n g .  The h y s t e r e t i c  behav io r  i n d i c a t e s  t h e  

movement of charge i n  t h e  d i e l e c t r i c  on t h e  p-type s u b s t r a t e .  

c a r r i e d  ou t  f o r  an  i d e n t i c a l  f i l m  on an n-type s u b s t r a t e  were, aga in  

similar t o  those  f o r  t h e  diode s p u t t e r e d  n i t r i d e ,  appa ren t ly  i n s e n s i t i v e  

6 V / c m .  The l a t t e r ,  however, 

Measurements 

t o  any movement of charge.  
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3.3 Transducer Applicat ion 

3.3.1 P r e p a r a t i o n  - A t r i o d e ,  reactive s p u t t e r i n g  f a c i l i t y  based 

on t h a t  desc r ibed  i n  Sec. 

f i l m s  on c y l i n d r i c a l  s a p p h i r e  (A1 0 ) r o d s ,  t h e  l a t te r  measuring an  inch  

i n  l e n g t h  w i t h  a one-quarter i nch  diameter .  

3.2 was used f o r  t h e  d e p o s i t i o n  of o r i e n t e d  A1N 

2 3  

To hold and h e a t  t h e  rods ,  

a fu rnace  of t u b u l a r  des ign  w a s  f a b r i c a t e d  f i r s t  of .005 inch tancalum 

s h e e t  and la ter  of .005 i nch  platinum. The fu rnace  i s  shown i n  F igs .  44 

and 45. Chemical c l ean ing  of t h e  s u b s t r a t e s  ( i n  a series of HNO NaOH 

and methanol b a t h s )  preceded each d e p o s i t i o n .  During t h e  course of t h e  

experiments b o t h  new and used A 1  0 

Some d i f f i c u l t y  i n  r econd i t ion ing  t h e  l a t te r  w a s  experienced, however, 

and t h e s e  were e v e n t u a l l y  d i sca rded .  

rod i n  t h e  t u b u l a r  fu rnace ,  t h e  s p u t t e r i n g  chamber was evacuated and 

baked. 

w e r e  introduced and t h e i r  p a r t i a l  p r e s s u r e s  ad jus t ed  t o  approximate 

those  normally used f o r  d e p o s i t i o n  onto s i l i c o n  o r  s i l i c a  s u b s t r a t e s ,  

v i z . ,  p ( t o t a 1 )  = 5.7 x 10 T o r r ,  and p(N ) = 7 x 10 Tor r .  A 

s p u t t e r i n g  p o t e n t i a l  of -1500 V dc and c u r r e n t  d e n s i t y  of 0 . 1  mA/cm 

gave a growth rate of about 50 a m i n .  

electric p rope r ty  e v a l u a t i o n  ranged between 1 .0  and 3.0 pm. 

3’ 

rods w e r e  used as s u b s t r a t e s .  2 3  

Following t h e  i n s e r t i o n  of a s u b s t r a t e  

When a 10’’ Torr  vacuum had been ob ta ined ,  argon, and then  n i t r o g e n ,  

-3 -4 
2 

2 

Thickness adequate  f o r  piezo- 

Development of t h e  s p u t t e r i n g  appa ra tus  proceeded through 

two s t a g e s .  

p a r a l l e l  t o  one face of t h e  s u b s t r a t e  rod w a s  used. Deposi ts  2-2848, 

B and C and 2-285 A and B w e r e  prepared i n  t h i s  way, t h e  two f a c e s  of t h e  

rod being coated i n  s e q u e n t i a l  d e p o s i t i o n s .  The la ter  s t a g e  of develop- 

ment comprised a twin cathode arrangement, Figs .  46 and 47, and pe rmi t t ed  
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Fig. 44 Exposed view of h e a t e r  assembly used to h e a t  A1203 
( s a p p h i r e )  rods  du r ing  s imul taneous  d e p o s i t i o n  
of A1N on t h e  end f a c e s .  
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Fig.  45 Close up view of a tubu la r  P t  h e a t e r  used t o  h e a t  
c y l i n d r i c a l  s apph i re  r o d s .  
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simultaneous d e p o s i t i o n  onto both s u b s t r a t e  f a c e s .  Films s o  depos i t ed  

were Z-291A and B ,  Z-292A and B ,  Z-296A and B ,  Z-297A and 13, Z-298A and 

B ,  Z-300A and B and Z-305A and B. 

3.3.2 Coupling Re la t ionsh ips  Between S u b s t r a t e s  and F i l m s  - I n  

t h e  p r e s e n t  experiments t h e  A 1  0 s u b s t r a t e  rods  are o r i e n t e d  s o  t h a t  

t h e  c r y s t a l l o g r a p h i c  c-axis l i es  p a r a l l e l  t o  t h e i r  long a x i s .  Such an 

o r i e n t a t i o n  f avor s  propagat ion of compressional ( l o n g i t u d i n a l )  a c o u s t i c  

waves. The f a c e s  of t h e  rods a re ,  as a r e s u l t  of t h e  a x i a l  o r i e n t a t i o n  

c o n s t r a i n t ,  (0001) p l anes .  To i n s u r e  maximum coupl ing between 

t r ansduce r s  and s u b s t r a t e s ,  a p a r a l l e l  o r i e n t a t i o n ,  v i z . ,  (OOOl), and 

i n t i m a t e  c o n t a c t  is requ i r ed  of t h e  A1N f i l m s .  Coupling i n  film-rod 

c o n f i g u r a t i o n s  w i t h  t h e s e  o r i e n t a t i o n s  i s  then  r e l a t e d  by t h e  long i -  

t u d i n a l  p i e z o e l e c t r i c  c o e f f i c i e n t  (modulus) d 

of t h e  c o e f f i c i e n t  n o t e s  t h e  d i r e c t i o n  of t h e  E-vector and t h e  second, 

t h e  component of e las t ic  stress. I n  f i lms  i n  which t h e  c-axis i s  

cons t r a ined  t o  t h e  p l a n e  of t h e  f i l m ,  coupl ing i s  r e l a t e d  v i a  d o r  31  

d32, t h e  s h e a r  wave mode c o e f f i c i e n t s .  

2 3  

The f i r s t  s u b s c r i p t  33 - 

3.3.3 Pulse-Echo Measuring Technique - A b l o c k  diagram of t h e  

appa ra tus  (Ref ,  64) which g e n e r a t e s  and d e t e c t s  t h e  microwave impulses 

i s  shown i n  Fig.  48. Two t r i g g e r i n g  p u l s e s ,  b o t h  a t  r e p e t i t i o n  rates 

of 100 pps,  are produced by a sync.  gene ra to r  and a l t e r n a t e l y  t r i g g e r  

a t r a n s m i t t e r  and de lay  g e n e r a t o r ,  t h e  l a t t e r ,  i n  t u r n ,  t r i g g e r i n g  a 

p u l s e  comparator. P u l s e s  from t h e  t r a n s m i t t e r ,  a t  t h e  c a v i t y  resonant  

frequency ( i n  t h i s  i n s t a n c e  1 GHz) are  introduced i n t o  t h e  t r a n s m i t t e r  

c a v i t y  a t  t h e  maximum H-field end. Corresponding E-f ie ld  p u l s e s  are 
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Fig. 46 Twin-cathode, triode sputtering system for the 
simultaneous reactive sputtering of A1N films on 
the end faces of a sapphire rod. 
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Dwg. 8584569 

L. V, Eiectrode 
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Ta Shield (Moved Externally) 

Aluminum Cathode 

- Pt A$03 Heater Rod 

Substrate 

Ta Ground Shield 'lr 1 /H.V. Electrode 

J 

4 - Heater Electrode 

Filament - 
Fig. 47 Schematic diagram of double-ended triode (filament 

supported discharge) sputtering apparatus for 
depositing A1N films simultaneously on two faces of 
a heated A1203 (sapphire rod. 
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produced i n  t h e  s m a l l  gap a t  t h e  o p p o s i t e  end of  t h e  c a v i t y .  One end 

of a s a p p h i r e  rod ,  one i n c h  long and one-quarter i nch  i n  d iameter ,  i s  

placed i n  t h i s  E- f ie ld ,  s o  t h a t  t h e  f i e l d  i s  p a r a l l e l  t o  t h e  a x i s  of  

t h e  rod .  Acoust ic  p u l s e s  are genera ted  i n  t h e  s a p p h i r e  as a r e s u l t  of 

i t s  p i e z o e l e c t r i c  c h a r a c t e r  and t rave l  along i t s  l e n g t h .  A t  t h e  oppos i t e  

end of t h e  r o d ,  which ex tends  i n t o  t h e  r e c e i v e r  c a v i t y ,  t h e  a c o u s t i c  pu l se s  

gene ra t e  E- f ie ld  p u l s e s  which are de tec t ed  a t  t h e  f a r  end of t h i s  c a v i t y  

i n  an  H-f ie ld  loop.  S i n c e  a f r a c t i o n  of t h e  a c o u s t i c  s i g n a l  i s  r e f l e c t e d  

a t  t h e  fi lm-rod i n t e r f a c e ,  a series of p e r i o d i c  p u l s e s  i s  r ece ived ,  t h e  

number and ampli tude of which denote  t h e  re la t ive  e lec t romechanica l  

conversion.  Pu l ses  from b o t h  t h e  receiver c a v i t y  and from t h e  p u l s e  

comparator,  t h e  l a t t e r  v ia  a c a l i b r a t e d  a t t e n u a t o r ,  are a l t e r n a t e l y  

d isp layed  on a CRT. By d i s p l a y i n g  t h e s e  s i g n a l s  s imul taneous ly  and 

a t t e n u a t i n g  t h e  comparator s i g n a l  t o  match t h a t  of the receiver s i g n a l ,  

a d i r e c t  measure of  t h e  e lec t romechanica l  coupl ing i s  obta ined .  S ince  

bo th  s i g n a l s  are of t h e  same frequency and are ampl i f ied  by t h e  s a m e  

receiver, a l l  e r r o r s  due t o  receiver d i s t o r t i o n  are au tomat i ca l ly  

compensated. The p u l s e  comparator and a t t e n u a t o r  can b e  rep laced  by 

a c a l i b r a t e d  exponen t i a l  gene ra to r  (shown by t h e  d o t t e d  l i n e s )  when 

low l o s s  materials are b e i n g  s t u d i e d .  

3 .3 .4  Cavity Design - Figure  49 shows schemat ica l ly  t h e  des ign  of 

a non-resonant,  t unab le  c a v i t y ,  (Ref.  6 4 )  t h e  type  i n  which t h e  p r e s e n t  

measurements were made. I n  t h i s  des ign  each p h y s i c a l  c a v i t y  i s  merely 

a t e rmina t ion  t o  a s t u b  s t r e t c h e r  impedance matching u n i t ,  t h e  l a t t e r  

r ep resen t ing  t h e  t r u e  c a v i t y .  Thus, t h e  frequency band over  which such 
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cavities can o p e r a t e  i s  determined by t h e  tun ing  range of t h e  matching 

s t u b  s t r e t c h e r s .  F igu re  50 shows an exploded view of t h e  c a v i t y  enc losu re .  

When o b l i q u e  f i e l d s  are t o  b e  generated,  t h e  c i r c u l a r  ( b a l l  p i v o t )  

e l e c t r o d e s ,  a t t a c h e d  t o  t h e  N-type connectors ,  are replaced by kn i f e -  

edge elements.  

3.3.5 Resu l t s  

3 .3 .5 .1  Transducers Z-284A-B-6 - Figures  51a and 51b show 

osci l lograms of compressional a c o u s t i c  p u l s e s  a t  1 GHz,, se t  up i n  two 

A l N / A l  0 / A l N  test s t r u c t u r e s  (Z-284A-B and Z-284A-C). The r e s u l t s  are 2 3  

seen  t o  d i f f e r ;  Fig.  51a e x h i b i t s  a longer  p u l s e  t r a i n  than Fig.  51b. 

When t h e  f i l m s  on t h e  f a c e s  of t h e  former film-rod combination, Z-284A-B, 

were examined by r e f l e c t i o n  e l e c t r o n  d i f f r a c t i o n ,  t h e  d i f f r a c t i o n  p a t t e r n s  

shown i n  F igs .  52a and 52b w e r e  ob ta ined .  Fig.  52a i s  c h a r a c t e r i s t i c  of 

A1N showing a (0001)-fiber t e x t u r e ;  F ig .  52b i n d i c a t e s  a ( l l ?O) - f ibe r  

t e x t u r e ,  i . e . ,  w i t h  t h e  c-axis i n  t h e  p l ane  of t h e  f i l m .  Later d i f f r a c t i o n  

from set  2-284-C ( t h e  f i l m  l a b e l e d  2-284B ( (1120) -o r i en ta t ion )  w a s  removed 

chemical ly  and 2-284C w a s  deposi ted i n  i t s  p lace )  i n d i c a t e d  t h a t  both 

f i l m  o r i e n t a t i o n s  w e r e  of t h e  (0001)-fiber t e x t u r e  type.  

Although bu lk  va lues  of t h e  p i e z o e l e c t r i c  c o e f f i c i e n t s  have 

no t  been r epor t ed  f o r  A l N ,  they are be l i eved  s i m i l a r  t o  o t h e r  class 6 mm 

c r y s t a l s  such as CdS. 

f a c t o r  of 3 t o  5 t i m e s  t han  d33. 

e f f i c i e n c y  f o r  f i l m  p a i r  Z-284A-C w i l l ,  according t o  t h i s  premise,  be 

Thus, one expec t s  d31 and d t o  b e  smaller by a 32 

The electromechanical  conversion 

g r e a t e r  t han  t h a t  f o r  p a i r  Z-284A-B by t h i s  f a c t o r  and w i l l  b e  seen  as 

an  apparezzt i n c r e a s e  i n  a c o u s t i c  l o s s  ( a t t e n u a t i o n )  i n  t h e  p u l s e  echo 
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Fig .  50 Exploded view of t h e  c a v i t y  used f o r  t h e  p u l s e  echo 
measurements. 
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F i g .  51 Oscillograms of compressional a c o u s t i c  p u l s e s  
generated i n  AlN-Al203-AlN f i l m - t e s t  rod combina- 
t i o n s .  The trace shown as (a)  shows poor 
electromecharlical  coupl ing;  trace (b) shows good 
coupl ing.  
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Fig'. 52 Reflection electron diffraction patterns of A1N 
films deposited on opposite faces of a sapphire 
rod; (a) (00.1) orientation and (b) (11.0) 
orientation. 
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measurements. The s i x t e e n  echoes i n  Fig.  51a thus  r e p r e s e n t  low l o s s  

(poor coupl ing)  and show ap-copertycomparable t o  t h a t  observed f o r  

o r i e n t e d  ZnS f i lms  when they were used i n  t h i s  t ype  of experiment.  The 

fou r  echoes i n  Fig.  51b r e p r e s e n t  a h ighe r  conversion e f f i c i e n c y  ( f a c t o r  

of 4) and show t h e  coupl ing dependence on o r i e n t a t i o n .  A s  p o t e n t i a l  

device t r a n s d u c e r s ,  they f avorab ly  compare t o  f i lms  of CdS (Ref. 65) 

evaluated i n  similar f a s h i o n .  

3.3.5.2 Transducers 2-285 - Another A1N f i l m  (2-285) w a s  

depos i t ed ,  t h i s  t i m e  a t  a s l i g h t l y  h ighe r  temperature ,  925°C. The 

temperature adjustment w a s  made t o  f a c i l i t a t e  an i n c r e a s e  i n  t h e  degree 

of o r i e n t a t i o n  adopted by t h e  f i l m .  (Such an e f f e c t  i s  observed i n  

e p i t a x i a l  A1N f i l m s  depos i t ed  on S i . )  The i n i t i a l  d e p o s i t  of t h i s  

series , 2-2858, w a s  o r i e n t e d  b u t  possessed a (1120)-fiber t e x t u r e .  

This f i l m  w a s  subsequent ly  chemically d i s so lved  and ano the r  f i l m  (2-285B) 

w a s  depos i t ed  i n  i t s  p l a c e .  The r e s u l t  w a s  i d e n t i c a l .  I n s p e c t i o n  of 

t h e  fu rnace  element,  tantalum, showed c o n s i d e r a b l e  e r o s i o n  and suggested 

t h a t  tantalum o r  a n i t r i d e  of tantalum may have i n a d v e r t a n t l y  condensed 

a t  t h e  s u b s t r a t e  s u r f a c e  during a p r e d e p o s i t i o n  i n t e r v a l  which i s  used 

t o  s p u t t e r - c l e a n  t h e  aluminum cathode and t o  thermally s t a b i l i z e  t h e  

s u b s t r a t e  h e a t e r .  The l a y e r  i f  i t  e x i s t s ,  however, i s  no t  d e t e c t a b l e  

by e l e c t r o n  d i f f r a c t i o n  s i n c e  examination of t h e  uncoated f a c e  of t h e  

s a p p h i r e  rod showed no obvious f o r e i g n  phase.  The a t t a c k  on t h e  tantalum 

furnace elements l e d  t o  replacement by platinum. 

3.3.5.3 Transducers 2-291, 2-292, 2-296 - These f i l m / s u b s t r a t e  

combinations were depos i t ed  i n  t h e  twin-cathode arrangement shown 

p rev ious ly  i n  F ig .  46. Deposi ts  on bo th  s u b s t r a t e  f a c e s  were t h u s  

1 2 1  



made s imultaneously.  The s u b s t r a t e  temperatures  during d e p o s i t i o n  

were as fo l lows :  800°C (2-291), 620°C (2-292), and 950°C (2-296). 

Deposi t ion rates i n  a l l  f i l m s  w e r e  similar, v i z . ,  % 40 A/min. 

(0001) and ( lO i2 ) - f ibe r  t e x t u r e  o r i e n t a t i o n s  were observed i n  both 

t h e  800°C f i l m s .  

pronounced i n  t h e  62OOC d e p o s i t s .  

n o t  i d e n t i c a l ,  one f i l m  showed a s t r o n g  (0001)-fiber t e x t u r e ,  t h e  

o t h e r  a ( l lZO)-f iber  t e x t u r e .  

t h a t  observed i n  d e p o s i t s  Z-284A-B. 

Strong 

These o r i e n t a t i o n s  w e r e  r epea ted  al though less 

The p a i r  deposi ted a t  950°C were 

The la t te r  behavior  i s  similar t o  

When t e s t e d  a c o u s t i c a l l y  a t  1 .0 ,  1.25 and 1 .6  GHz, none of 

t h e  t h r e e  f i l m  p a i r s  func t ioned  as e f f i c i e n t l y  as t h e  we l l -o r i en ted  

(0001) d e p o s i t s  of s e t  Z-284A-C. The occurrence of t h e  s e v e r a l  

unwanted o r i e n t a t i o n s ,  however, can account f o r  t h e  poorer  r e s u l t s .  

3.3.5.4 Transducers 2-297, 2-298, 2-300, 2-305 - Films 2-297 

and 2-298, depos i t ed  a t  830"C, provided no electromechanical  a t t e n u a t i o n  

when sub jec t ed  t o  t h e  s t anda rd  microwave pulse-echo measurements. These 

r e s u l t s  were n o t  a n t i c i p a t e d  s i n c e  e l e c t r o n  d i f f r a c t i o n  examination of 

t h e  f i l m s  showed good (0001)-fiber o r i e n t a t i o n .  

rods  i n  both experiments had been used i n  previous experiments and con- 

s i d e r a b l e  d i f f r c u l t y  w a s  experienced i n  r e s t o r i n g  t h e i r  s u r f a c e s  t o  a 

newly-polished s ta te ,  t h e  r e s u l t s  implied pour,  p o s s i b l y  graded, 

i n t e r f a c e s .  One of t h e  rods  w a s  mechanical ly ,  t hen  chemical ly ,  po l i shed  

and 2-300 (770°C) w a s  depos i t ed .  The a c o u s t i c  traces are shown i n  

Fig.  53. W e  n o t e  t h e  a t t e n u a t i o n  t o  b e  weaker than  t h a t  f o r  f i l m s  

2-284A-C. An x-ray i n v e s t i g a t i o n  of t h e  s u r f a c e s  of A 1  0 rods  subsequent ly  

Since t h e  A1203 test 

2 3  
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Fig .  53 Oscillogram of compressional pu l se s  generated i n  
2-300 ( A , B )  an AlN-Al203-AlN experimental  microwave 
a c o u s t i c  p u l s e  a t t e n u a t o r .  
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w a s  made and r evea led  t h a t  a newly po l i shed  rod r e t a i n e d  s u r f a c e s  which 

showed cons ide rab le  s t r a i n .  

s h a r p  enough t o  permit  some electromechanical  coupl ing b u t  t h e  s t r a i n  

which remained i n  t h e  v i c i n i t y  of t h e  rod f a c e s  i n h i b i t e d  a maximum e f f e c t .  

A second rod w a s  r epo l i shed  and etched f o r  s e v e r a l  days i n  a s a t u r a t e d  

NaOH s o l u t i o n .  X-ray e v a l u a t i o n  i n d i c a t e d  s u r f a c e s  wi th  a lesser degree 

of s t r a i n .  Deposi ts  on t h i s  s u b s t r a t e  a t  76Q°C (2-3051, however, proved 

d i sappo in t ing .  Film Z-305A c h a r a c t e r i s t i c a l l y  d i sp l ayed  a (0001)-fiber 

t e x t u r e .  

e p i t a x i a l  s ta te ,  Fig.  54. There w a s  some relat ive misalignment of t h e  

o r i e n t a t i o n s  of t h e  v a r i o u s  c r y s t a l l i t e s  b u t  good azimuthal  alignment had 

been achieved.  The o r i e n t a t i o n  r e l a t i o n s h i p  between f i l m  and s u b s t r a t e  

Thus, t h e  i n t e r f a c e s  i n  2-300 may have been 

Film 2-305B w a s  more s t r o n g l y  o r i e n t e d  having reached a v i r t u a l  

w a s  p a r a l l e l ,  i . e . ,  ( O O O I ) , ~ ~ ~  I ( o o o ~ ) ~ ~  ; [ I ~ ~ O I , ~ ~ I  I [11201Al 
2 3  2 3' 

The a c o u s t i c  traces Fig.  55, however, i n d i c a t e d  t h a t  r e g a r d l e s s  of t h e  

degree of o r i e n t a t i o n ,  s i g n a l  a t t e n u a t i o n  w a s  a g a i n  l i m i t e d .  The envelope 

modulation observed i n  t h e  trace is  due t o  s l i g h t  (% 6 x loq6 r ad ian )  

re la t ive non-paral le l ism of t h e  film-rod i n t e r f a c e s .  

3 . 4  Mixed N i t r i d e s  

The e lectr ical  i n s t a b i l i t i e s  ( e r r a t i c  breakdown) encountered 

i n  t h i n ,  < 1500 A, A1N f i l m s  w e r e  a t t r i b u t e d  t o  g r a i n  boundary conduction, 

t h e  g r a i n s  i n  many cases having l i n e a r  dimensions comparable t o  t h e  

th i ckness .  I n  a n  e f f o r t  t o  suppress  t h e  c r y s t a l l i n e  h a b i t  of A l N ,  

m ix tu re  wi th  a less c r y s t a l l i n e ,  b u t  no less r e f r a c t o r y ,  d i e l e c t r i c  

was sought .  S i  N and BN w e r e  thus introduced as d i l u e n t s .  ( I t  is r e p o r t e d  

t h a t  p y r o l y t i c a l l y  depos i t ed  f i l m s  of t h e s e  compounds are v i r t u a l l y  

3 4  

amorphous) (Refs . 30,66) . 
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a 

b 

Fig .  54 E lec t ron  d i f f r a c t i o n  p a t t e r n s  of h igh ly  ordered A1N 
t r ansduce r  f i l m .  There i s  f i n i t e  misalignment of 
c r y s t a l l i t e s  b u t  t h e  azimuthal dependence of 
o r i e n t a t i o n  i n d i c a t e s  ep i t axy ;  (a )  e l e c t r o n  beam 
along C21.01; (b) e l e c t r o n  beam along [11.0] .  
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Fig. 55 Pulse train generated in Z-305(A,B). The large 
number of pulses show poor attenuation by the 
transducer films. Envelope modulation is due to 
nonparallelism of the film-rod interfaces. 
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3.4.1 Mixed A1-S i  N i t r i d e s  

3 . 4 . 1 . i  P r e p a r a t i o n  - P r e p a r a t i o n  of two sets of f i i m s ,  w i t h  

nominal A l / S i  r a t i o s  of 6 / 1  and 1/1 w a s  accomplished. The r a t i o s  c i t e d  

are r e l a t e d  t o  t h e  t a r g e t  areas of t h e  r e s p e c t i v e  elements and do not 

n e c e s s a r i l y  i n d i c a t e  t h e  t r u e  compositions of t h e  f i l m s .  F i l m s  were 

deposi ted i n  t h e  optsmized cond i t ions  used f o r  t h e  diode s p u t t e r i n g  of 

pu re  A1N ( s e e  Sec. 3 .1 .1 ) .  S u b s t r a t e s  included T a  coated v i t r e o u s  

s i l ica  and n- and p-type S i  wafers .  

3.4.1.2 S t r u c t u r a l  and O p t i c a l  P r o p e r t i e s  - When f i l m s  

prepared by s p u t t e r i n g  a cathode w i t h  a 611, A l /S i  area were examined 

by e l e c t r o n  d i f f r a c t i o n ,  i t  appeared t o  c o n s i s t  p r i m a r i l y  of a poly- 

c r y s t a l l i n e  A1N-type phase,  F ig .  56. The d i f f r a c t i o n  d a t a ,  however, 

showed some evidence of an a d d i t i o n a l  component, one which caused d i f f u s e  

s c a t t e r i n g  of d i f f r a c t e d  e l e c t r o n s .  When ‘ the 1/1, A l / S i  t a r g e t  w a s  used,  

t h e  d i f f u s e  d i f f r a c t i o n  component became f a r  more prominent. The 

p a r t l y  r e so lved  d i f f r a c t i o n  r i n g s  which were measured, however, i n d i c a t e d  

t h a t  a phase c o n s i s t e n t  w i th  poorly c r y s t a l l i z e d  A1N w a s  s t i l l  p r e s e n t .  

O p t i c a l  a b s o r p t i o n  measurements w e r e  made on b o t h  sets of 

A1N-Si N f i l m s .  The as-deposited f i l m s  showed a d i f f u s e  abso rp t ion  

edge occur r ing  i n  t h e  approximate wavelength range as f o r  pure,  

as-deposi ted,  A1N f i l m s .  

of t h e  edge and a s h i f t  t o  h ighe r  e n e r g i e s ,  a g a i n  i n  a manner s imi l a r  t o  t h a t  

f o r  annealed A1N f i l m s  . 

3 4  

Annealing a t  900°C i n  N2 caused a sharpening 

While t h e  s h i f t  f o r  t h e  6 /1 ,  A l /S i  n i t r i d e  f i l m s  matched t h a t  

f o r  t h e  pu re  form, t h e  edge of t h e  111, A l / S i  n i t r i d e  f i l m s  s h i f t e d  

t o  e n e r g i e s  g r e a t e r  t han  5.9 e V ,  v i z ,  t o  an  abso rp t ion  edge v a l u e  of 
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F i g .  56 E lec t ron  d i f f r a c t i o n  p a t t e r n s  of mixed AlN-Si3N4 
f i l m .  S u b s t r a t e  temperature ,  900°C; t h i ckness  
6000 A. 
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approximately 6.35 e V .  The e f f e c t  i s  unexpected s i n c e  t h e  energy gap 

of t h e  added component, Si3N4, i s  r epor t ed  t o  b e  4.35 e V  (Ref. 67) .  

Other s t u d i e s ,  however, have recorded c o n f l i c t i n g  values, e .g . ,  5.0 e V  

(Ref. 66) and 6.35 (Ref. 68) .  

3.4.1.3 E l e c t r i c a l  Measurements - The r e s u l t s  of capac i t ance  

v s  v o l t a g e  measurements a t  1 MHz made f o r  d e p o s i t s  on t h e  S i  s u b s t r a t e s  

are shown i n  Fig.  57. The sandwich c o n f i g u r a t i o n ,  a f t e r  A 1  counter- 

e l e c t r o d e s  have been depos i t ed  i s  t h a t  of a MIS (metal-insulator-semiconductor) 

s t r u c t u r e .  

The symmetrical s h i f t  of t h e  C-V p l o t  f o r  f i l m s  depos i t ed  on 

p-type s u b s t r a t e s  i n d i c a t e s  t h a t  a p o l a r i z a t i o n  e f f e c t  probably i s  

generated w i t h i n  t h e  d i e l e c t r i c  by t h e  a p p l i c a t i o n  of a f i e l d ;  such an 

e f f e c t  i s  observed i n  t h e  pure A1N f i l m s  ( s e e  Sec. 3.1.10) and has  a l s o  

been observed i n  S i  N (Ref. 69 ) .  A s  f o r  t h e  pure A1N f i l m s ,  t h e  

p o l a r i z a t i o n  may b e  due t o  t h e  o r i e n t a t i o n  of d i p o l e s  i n  t h e  A1N component 

by t h e  a p p l i e d  f i e l d  o r  by a s t ress- induced p o l a r i z a t i o n  i n h e r e n t  i n  i t  

(A1N is s t r o n g l y  p i e z o e l e c t r i c ) .  

3 4  

The charge induced i n  t h e  S i  by t h e  

11 2 charges contained i n  t h e  d i e l e c t r i c  i s  8.75 x 10 / c m  , a v a l u e  i n t e r -  

mediate between t h o s e  r e p o r t e d  f o r  vapor depos i t ed  S i  N and S i 0 2 .  3 4  

Deposi ts  on n-type s u b s t r a t e s  showed no tendency t o  d i s p l a y  

loop-type c h a r a c t e r i s t i c s ,  t h e  f l a t  band v o l t a g e  exceeding 100 V.  

Measurements r e l a t i n g  c u r r e n t  and v o l t a g e  c h a r a c t e r i s t i c s  

i n  t h e  611, Af/Si n i t r i d e  f i l m s  were e s s e n t i a l l y  similar t o  t h o s e  made 

on t h e  pu re  n i t r i d e  f i l m s ,  v i z . ,  c u r r e n t s  followed on Ohmic behavior 

a t  low v o l t a g e  t h e n  r o s e  s t e e p l y  as t h e  v o l t a g e  w a s  i nc reased ;  a f u r t h e r  
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Fig .  57 D i e l e c t r i c  p o l a r i z a t i o n  e f f e c t  observed i n  mixed 
AlN-Si3N4 f i l m s .  
4500 A .  

F i l m  th i ckness  is  approximately 
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v o l t a g e  increment induced a t i m e  dependent i n s t a b i l i t y  followed by 

breakdown o r  a major change i n  t h e  I - V  c h a r a c t e r i s t i c .  

I n  t h e  1/1, A l / S i  n i t r i d e  f i l m s ,  however, a r ep roduc ib ie  and 

h igh ly  s t a b l e  I -V  behavior  w a s  followed, F ig .  58. The s l o p e s  of t h e  

curves a t  t h e  low and h igh  v o l t a g e  va lues  r e p r e s e n t  Ohmic and t r a p - f i l l e d  

space-charge behavior ,  r e s p e c t i v e l y .  The v o l t a g e  a t  which t h e  t r a n s i t i o n  

between t h e  main conduction mechanisms occurred,  t h e  t r a p s - f i l l e d - l i m i t ,  

w a s  low (% 1 0  V) re la t ive t o  t h e  v a l u e s  f o r  pu re  A1N f i l m s .  I n  a d d i t i o n ,  

t h e  s l o p e  of t h i s  t r a n s i t i o n  w a s  less s t e e p  and sugges t s  t h a t  fewer b u t  

probably more a c t i v e  t r a p s  t a k e  p a r t  i n  conduction. Although t h e  I - V  

c h a r a c t e r i s t i c s  of t h e  1/1 mixed Al-Si n i t r i d e  f i l m s  were s t a b i l i z e d  by 

t h e  mixing, d i e l e c t r i c  measurements showed a range of d i s p e r s i o n  wi th  

frequency. The d i e l e c t r i c  p r o p e r t i e s  of pu re  S i  N are u n f o r t u n a t e l y  

no twe l l  c h a r a c t e r i z e d  a t  v a r i o u s  f r equenc ie s .  Seve ra l  r e p o r t s  l i s t  

c o n f l i c t i n g  va lues  of d i e l e c t r i c  c o n s t a n t ,  e.g.  12.0 (Ref. 70) and 

6.2-8.5 (Ref.  71)  b u t  th i s  p rope r ty  seems t o  b e  s t r o n g l y  in f luenced  

by t h e  d e n s i t y  of t h e  depos i t ed  l a y e r s  and t h e  g iven  v a l u e s  seem only 

relative to t h i s  p rope r ty .  We sugges t  t h a t  b o t h  t h e  conduction behavior  

and frequency d i s p e r s i o n  of t h e  d i e l e c t r i c  p r o p e r t i e s  are a t t r i b u t a b l e  

t o  a m o d i f i c a t i o n  of t h e  numbers and l e v e l s  of t r app ing ,  o r  impur i ty  

s i tes ,  r e l a t i v e  to t h o s e  o p e r a t i v e  i n  s p u t t e r e d  A1N f i l m s .  

3 4  

The 6/1,  A l /S i  n i t r i d e  l a y e r s  displayed no obvious d i s p e r s i o n  

wi th  frequency showing, r a t h e r ,  d i e l e c t r i c  p r o p e r t i e s  similar t o  those  

of und i lu t ed  A1N.  
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Fig. 58 I-V data for mixed A1N-Si3N4 film. Cathode A1:Si 
ratio is approximately 1:l. 
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3.4.2 Mixed A1-B N i t r i d e s  

3 .4 .2 .1 P r e p a r a t i o n  - The e x p e r i n e n t a l  appa ra tus  used t o  

d e p o s i t  f i l m s  of a mixed A1N-BN composition is  a l s o  s i m i l a r  t o  t h a t  used 

p rev ious ly  f o r  t h e  reactive s p u t t e r i n g  of A1N. F igu re  59 shows a schematic 

of t h e  arrangement c o n s i s t i n g  of a t a r g e t ,  t a r g e t  s h i e l d ,  and fou r  movable 

s u b s t r a t e  h o l d e r s .  The t a r g e t  i s  a h igh  p u r i t y  aluminum (99.999%) d i s k  

which has  been m i l l e d  t o  accommodate plugs of boron (99.9999%). 

boron plugs are 8 mm i n  diameter .  

r a t i o  w a s  ob ta ined  merely by a d j u s t i n g  t h e  number of plugs.  S u b s t r a t e s  

included bo th  po l i shed  s i l i c o n  and s i l i c a  which were heated r e s i s t i v e l y  

o r  via  tantalum s t r i p  h e a t e r  envelopes.  S u b s t r a t e  temperatures were 

a d j u s t a b l e  t o  1000°C and w e r e  monitored o p t i c a l l y  w i t h  both a convent ional  

o p t i c a l  pyrometer and an  "Ircon" Model 300 In f r a - r ed  pyrometer. 

d e p o s i t i o n  procedure w a s  a l s o  e s s e n t i a l l y  s i m i l a r  t o  t h a t  used f o r  A1N. 

Af t e r  evacua t ion  of t h e  uhv chamber t o  1 0  t o r r ,  b a c k f i l l i n g  w i t h  

80 x t o r r  of argon ( p u r i t y  99.995%) commenced. Sput ter-cleaning 

The 

A v a r i a b l e  A l / B  s p u t t e r i n g  area 

The 

-9 

2 of t h e  cathode (-2750 V,  1 m a / c m  ) w a s  t hen  c a r r i e d  o u t  f o r  about  one 

hour. I n j e c t i o n  of n i t r o g e n  ( p u r i t y  99.999%) followed u n t i l  a 

5 x 10 t o r r  i n c r e a s e  i n  t o t a l  p r e s s u r e  w a s  maintained.  The s u b s t r a t e  

w a s  hea t ed ,  moved i n t o  t h e  d i scha rge  and a d e p o s i t  w a s  c o l l e c t e d .  

-3 

3.4.2.2 Composition and S t r u c t u r e  - Two series of f i l m s  

were i n i t i a l l y  prepared us ing  s u b s t r a t e  temperatures  i n  t h e  range 

800-900°C and wi th  A l / B  area r a t i o s  on t h e  s p u t t e r i n g  t a r g e t  s u r f a c e  

of 3/2 and 2/3,  r e s p e c t i v e l y .  

cooled r a p i d l y  a f t e r  completion of f i l m  growth by t u r n i n g  o f f  t h e  i n p u t  

I n  each experiment t h e  s u b s t r a t e  w a s  
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Substrates in 
Dwg . 86OA871 

Section AA 

Fig. 59 Schematic for target and substrate holder assembly 
used in preparation of reactively sputtered films 
of the mixed composition (A1,B)N. 
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power t o  t h e  h e a t e r .  E lec t ron  microprobe measurements were made on t h e  

"2/3" f i l m s  t o  determine t h e  a c t u a l  A l / B  r a t i o  of t h e  f i l m s ;  

( t h e  boron d e t e c t i o n  w a s  accomplished by t h e  u s e  of a l ead  s tearate  c r y s t a l  

and a methane-argon f i l l e d  flow p r o p o r t i o n a l  c o u n t e r ) .  

i n a c c u r a c i e s  were introduced due t o  a need t o  c o a t  t h e  A1N-BN f i l m  wi th  

a conducting carbon l a y e r  during examination. 

e f f e c t s  due t o  t h e  i n s u l a t i n g  s i l i c a  s u b s t r a t e  b u t  absorbed almost 50% 

of t h e  boron x - r a d i a t i o n .  The b e s t  A l / B  r a t i o  estimates are between 

2.4/1 and 4 / 1  (atom r a t i o ) .  S t r u c t u r a l  e v a l u a t i o n  by x-ray techniques 

showed on ly  t h e  wel l - resolved A1N-type phase,  however, i n  t h e  case of f i l m s  

produced from both t a r g e t  compositions t h i s  phase w a s  found t o  possess  

s l i g h t l y  smaller l a t t i c e  parameters  than pu re  A l N ,  Table V I I .  

Measuring 

The coa t ing  reduced charging 

TABLE VI1 

Table of L a t t i c e  Parameters f o r  A1N and A1N-BN 

A l N  A1N-BN (900°C) 
a C c / a  a C c l a  

3.11 il 4.96 1.60 3.08 4.88 1.58 

Another set of f i l m s  were grown, t h e  nominal A l / B  t a r g e t  area r a t i o  

a g a i n  being 2/3,  b u t  extending t h e  s u b s t r a t e  temperature  range t o  

500"-900°C. A t  temperatures  less than  600°C t h e  ce l l  parameters 

showed no d e v i a t i o n  from those  observed f o r  pu re  A1N. A t  h ighe r  

temperatures ,  t h e  sh r inkage  w a s  a g a i n  ev iden t .  Examination of t h e s e  

f i lms  by t r ansmiss ion  e l e c t r o n  d i f f r a c t i o n  r evea led  t h e  presence of a 

s t r o n g  BN phase i n  a d d i t i o n  t o  t h e  A1N one, F ig .  60, i n d i c a t i n g  t h a t  
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Fig.  60 D i f f r a c t i o n  from mixed A1N-BN f i l m s ;  (a)  glancing 
a n g l e  x-rays and (b) t r ansmiss ion  e l e c t r o n  d i f f r a c t i o n .  
The BN-phase is  no t  obvious i n  t h e  x-ray p a t t e r n  
due t o  extreme l i n e  broadening. 
t o  S i  s t a n d a r d .  

Spot ty  r i n g s  due 
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l i m i t i n g  s o l u b i l i t y  of BN i n  t h e  A1N-type phase had been reached. 

Reference t o  later measurements of d i f f r a c t i o n  r e s u l t s  on BN f i l m s  

i n d i c a t e d  t h a t  t h e  BN phase showed no n o t i c e a b l e  l a t t i ce  parameter 

change. 

D i f f r a c t i o n  p a t t e r n s  from f i l m s  of t h e  3/2,  A l / B  nominal 

r a t i o ,  showed a g r e a t e r  degree of d i s o r d e r ,  Fig.  6 1  ( t h e  e s t ima ted  A l / B  

atom r a t i o  is  1 . 5 / 1 ) ,  a l though t h e  AlN-phase is  s t i l l  ev iden t .  D i r e c t  

de t e rmina t ion  of t h e  amount of boron i n  s o l u t i o n  i n  t h e  "contracted" 

A1N-rich phase are n o t  e a s i l y  obtained.  D i f f e r e n t i a t i o n  between boron 

i n  s o l u t i o n  and boron i n  t h e  unreacted BN component, f o r  example, 

cannot b e  achieved by t h e  microprobe ana lyses .  One n o t e s  a l s o  t h a t  

bo r ides  of aluminum, v i z . ,  A l B 2  and A1Bl2, are known t o  e x i s t  (Ref. 72) 

although n o t  observed as a major component i n  t h e s e  f i l m s .  The amount 

of d i s s o l v e d  boron could presumably b e  determined us ing  a "disappearing 

phase'' approach which e n t a i l s  g radua l  r e d u c t i o n  of t h e  B / A 1  r a t i o  u n t i l  

t h e  unreacted BN phase i s  no longe r  observed by x-ray d i f f r a c t i o n .  A 

microprobe de te rmina t ion  would t h e n  g i v e  t h e  amount i n  s o l u t i o n .  I f  i t  

i s  assumed t h a t  Vegard's l a w  i s  followed f o r  t h e  A1N-type s o l i d  s o l u t i o n s ,  

t hen  t ak ing  1.26 and 0.88 w (Ref. 731, r e s p e c t i v e l y  f o r  t h e  t e t r a h e d r a l  

r a d i i  of aluminum and boron, t h e  l a t t i c e  parameter changes observed are 

c o n s i s t e n t  w i t h  a s o l u t i o n  of approximately 6 - 7-1/2% of boron i n  A1N. 

3.4.2.3 Dielectric and O p t i c a l  Measurements - Capacitance 

2 measurements were made on l a r g e  area (1 mm ) ,  c a p a c i t o r  s t r u c t u r e s  of t h e  

mixed n i t r i d e  f i l m s .  A moderate d i s p e r s i o n  w i t h  frequency w a s  noted,  

v i z . ,  C = 74.3 pF (500 Hz) ,  C = 61.1 pF (500 kHz); t h i s  w a s  less apparent  
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F i g ,  6 1  E lec t ron  d i f f r a c t i o n  p a t t e r n s  from r e a c t i v e l y  
s p u t t e r e d  f i l m s  of mixed (A1,B)N composition; 
(a) f i l m  con ta ins  20 t o  35 atomic pe rcen t  boron; 
(b) f i l m  c o n t a i n s  30 t o  45 atomic p e r c e n t  boron. 
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f o r  va lues  of l o s s ,  v i z . ,  D = 0.03  (500 Hz), D = 0.04 (500 kHz). Values 

f o r  t h e  d i e l e c t r i c  constant: computed from t h e s e  d a t a  range from 6.8 t o  

9 .1 .  

I n  Fig.  62 o p t i c a l  abso rp t ion  d a t a  obtained with t h e  Cary 

instrument  are shown i n  t h e  v i c i n i t y  of t h e  a b s o r p t i o n  edge. Values 

f o r  t h e  annealed and unannealed mixed f i l m s  f a l l  w i t h i n  t h e  observed 

energy range spanned by annealed and unannealed f i l m s  of pure A1N 

(Sec. 3 . 1 . 4 ) .  

expect t h e  s p e c t r a l  cut-off t o  b e  determined by t h e  component whose 

abso rp t ion  edge occurs  a t  lowest energy. Thus i t  is  probable  t h a t  t h e  

I n  two-phase f i l m  s t r u c t u r e s  of t h e  type  considered,  w e  

unannealed f i l m  spectrum r e p r e s e n t s  t h e  A1N-type phase component and 

r e f l e c t s ,  q u a l i t a t i v e l y ,  t h e  amount of BN i n  s o l i d  s o l u t i o n .  The 

abso rp t ion  edge p o s i t i o n  i n  t h e  annealed f i l m s  l ies  c l o s e  t o  t h e  edge 

observed f o r  annealed pu re  BN f i l m s  (Ref. 7 4 ) .  It may be t h a t  t h e  BN 

phase i s  s e t t i n g  t h e  l i m i t  i n  t h i s  case, however, nothing is  y e t  known 

about t h e  p o s s i b l e  r o l e ,  i f  any, of s o l u t i o n  of A1N i n  BN. 

3 .4 .2 .4  C-V Measurements - A f t e r  A 1  coun te re l ec t rpdes  (0.3 mm 

diameter) w e r e  evaporated,  t he  mixed n i t r i d e  f i l m s  depos i t ed  on n- and 

p-type S i  s u b s t r a t e s  were sub jec t ed  t o  s t anda rd  C-V measurements (Ref. 7 5 ) .  

Resu l t s  are shown i n  F igs .  6 3 ,  6 4 ,  and 65 and are u n l i k e  t h o s e  i n  which A1N 

a lone  i s  t h e  d i e l e c t r i c .  

show a h y s t e r e t i c  e f f e c t  i n  which t h e  trace movement i s  i n d i c a t i v e  of 

s u r f a c e  s ta te  charge.  The i n t e r a c t i o n  between t h e  app l i ed  f i e l d  and t h e s e  

s u r f a c e  s t a t e s  i s  e s p e c i a l l y  apparent  i n  Fig.  65 where t h e  rate of 

a p p l i c a t i o n  of a p p l i e d  f i e l d  is  v a r i e d .  

The curves have a dual-segment appearance and 

During a p o s i t i v e  excursion,  
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Fig .  6 2  O p t i c a l  a b s o r p t i o n  d a t a  f o r  mixed f i l m s  of A1N-BN. 
Films prepared  from cathodes of v a r i a b l e  A l / B  
r a t i o s  e 
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Fig.  6 3  C-V curves  from f i l m s  wi th  a mixed A l N / B N  composi- 
t i o n  prepared by reactive s p u t t e r i n g .  
t h i ckness  = 6000 A. 
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Curve 590867-8 
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Pig. 64 C-V curves from films with a mixed A1N-BN composi- 
tion prepared by reactive sputtering. 
thickness = 3600 i. 
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Curve 590868-8 
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Fig. 65 C-V curves from films with a mixed A1N-EN composi- 
tion. Thicknesses = 3600 A. Slowed sweep rate 
permits more extensive interaction of stress 
generated charge with surface states. 
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a g r e a t e r  number of s u r f a c e  s ta tes  are f i l l e d  when a g iven  v o l t a g e  is  

app l i ed  more slowly. 

e q u a l l y  more e f f e c t i v e  i n  emptying "negat ive charge" s u r f a c e  states 

A v o l t a g e  sweep i n  a n e g a t i v e  d i r e c t i o n  i s  

(and f i l l i n g  "pos i t i ve"  charge ones) when app l i ed  a t  slower rates.  

The mixed n i t r i d e  f i l m s  d i d  show e x c e l l e n t  v o l t a g e  s t a b i l i t y ,  

t h e r e  being no evidence of breakdown a t  180 V ( t h e  l i m i t  of t h e  

measuring a p p a r a t u s ) .  Thus, t h e  breakdown f i e l d  exceeds 5 x 10 V / c m .  

The "dual-segment" loop does no t  l end  i t s e l f  r e a d i l y  t o  c a l c u l a t i o n  of 

s u r f a c e  charge.  These d a t a  were t h e r e f o r e  n o t  pursued. E s t i m a t e s  of 

t h e  d i e l e c t r i c  c o n s t a n t ,  E, of t h i s  mixture  were made from d i f f e r e n c e  

capac i t ance  measurements made i n  t h e  accumulation and d e p l e t i o n  modes, 

r e s p e c t i v e l y  of t h e  semiconductor. The d a t a  i n d i c a t e  a v a l u e  of 

6.9 - + 0 .3 ,  a f i g u r e  between t h e  r epor t ed  v a l u e s  f o r  A l N ,  8 .5  (Ref. 5)  

and BN, 3.8 - + 0.2 (Ref. 30) and 5.12 (Ref. 76 ) .  

6 

3.5 Reac t ive ly  Spu t t e red  BN Films 

S ince  t h e  mixed A1N-BN f i l m s  had n o t  adopted a completely 

amorphous s t r u c t u r e  even when t h e  A l / B  r a t i o  w a s  approaching u n i t y ,  i t  

was decided t o  i n v e s t i g a t e  t h e  BN component a l o n e  f o r  p o s s i b l e  u s e  as 

t h e  i n s u l a t i n g  f i l m  i n  a n  MIS device.  

3.5.1 P r e p a r a t i o n  - The uhv, diode s p u t t e r i n g  appa ra tus  used f o r  

t h e  p r e p a r a t i o n  of A1N w a s  modified on ly  s l i g h t l y .  A cathode w a s  

f a b r i c a t e d  by imbedding slices of bu lk  boron (99.9999) i n t o  a ,  " r e sea rch  

grade", BN b lock ,  Fig.  66. The combined s u r f a c e  area of t h e  inbedded 

2 boron slices w a s  approximately 5 cm It w a s  noted t h a t  w i th  a n  a p p l i e d  
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Plugs 

BN R ee es s ed 
Plates Pin 

El  eetrode 

Fig .  66 Schematic of arrangement used t o  r e a c t i v e l y  s p u t t e r  
BN f i l m s .  
E l e c t r i c a l  c o n t a c t  t o  t h e  B i s  made v i a  hidden 
s t a i n l e s s  s teel  p i n s .  

Plugs of B are  imbedded i n  BN p l a t e s .  
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2 v o l t a g e  of -2800 Vdc, 

spac ing  o f  5 cm,  and a s u b s t r a t e  temperature  of lOOO"C, f i lms  could be 

formed a t  growth rates of 1 0  A/min. 

a c u r r e n t  d e n s i t y  of 4 m a / c m  , a t a r g e t - s u b s t r a t e  

3.5.2 S t r u c t u r a l  S t u d i e s  on BN Films - A s tudy  w a s  made t o  i n v e s t i -  

g a t e  t h e  s t r u c t u r a l  e f f e c t s  produced by v a r i a t i o n  of s u b s t r a t e  temperature  

du r ing  d e p o s i t i o n .  

S i ( l l 1 )  s u b s t r a t e s .  Three s u b s t r a t e s  were held a t  1150"C, 950°C and 

600"C, r e s p e c t i v e l y .  A f o u r t h  s u b s t r a t e  w a s  not  heated i n t e n t i o n a l l y .  

E lec t ron  d i f f r a c t i o n  showed t h a t  t h e  f i l m  depos i t ed  a t  1150°C possessed 

a (0001)-fiber o r i e n t a t i o n ,  Fig.  67,  wh i l e  t h e  lower temperature  d e p o s i t s  

possessed no p r e f e r r e d  o r i e n t a t i o n  and showed r a t h e r  d i f f u s e  r i n g  p a t t e r n s  

no d i f f e r e n c e s  due t o  temperature  are e v i d e n t .  Using t h e  d i f f r a c t i o n  

s p o t s  ( included wi th  t h e  d i f f r a c t i o n  r i n g s  f o r  t h e  unheated f i l m s  and 

due t o  s c a t t e r i n g  from surrounding areas of t h e  s i n g l e  c r y s t a l  Si(100)  

s u b s t r a t e )  f o r  c a l i b r a t i o n ,  t h e  t r ansmiss ion  d a t a  can b e  indexed on a 

Several f i l m s  were depos i t ed  onto r e s i s t i v e l y  hea ted  

hexagonal ce l l  w i t h  t h e  fol lowing parameters .  

a = 2.45 Y c = 6.88 1 

When compared t o  t h e  bulk v a l u e s  (Ref. 44) f o r  t h e  hexagonal form, v i z . ,  

a = 2.51 Y c = 6 .66  

we no te  t h e  d i f f e r e n c e  t o  b e  of t h e  o r d e r  of 2-4%. The source of t h i s  

d e v i a t i o n  i n  t h e  t h i n  f i l m  l a t t i c e  parameters  i s  no t  known, b u t  i t  

appears  p o s s i b l e  t h a t  i t  may b e  a s s o c i a t e d  wi th  s t r u c t u r a l  d i s o r d e r ,  

non-stoichiometry o r  t h e  occ lus ion  of t rapped argon. A l is t  of d-values 
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Fig. 67 E lec t ron  d i f f r a c t i o n  p a t t e r n  of r e a c t i v e l y  s p u t t e r e d  
BN f i l m  depos i t ed  on S i  a t  115OOC; (00.1) f i b r e  
t e x t u r e  denoted by arced d i f f r a c t i o n  r i n g s .  
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and re la t ive  i n t e n s i t i e s  are given f o r  t h e  bulk and t h i n  f i l m  forms i n  

Table V I I I .  

Table V I 1 1  D i f f r a c t i o n  Data f o r  BN 

BN (bulk) BN ( f i lm)  

d(1)  . I (hk. 1 )  d (1) I (hk. 1) 

3.33 vs 

2.17 m 

2.06 W 

1.82 m 

1.67 W 

1 .55 vs 

1.32 vw 
1.25 W 

1.17 57 

1.14 vvw 
1.11 vw 
1.08 vw 

a = 2.51 
c = 6.66 

00.2 

10.0 

1 0 . 1  

10.2 

00.4 

10 .3  

10.4 

11.0 

11.2 

10.5 

00.6 

20.0 

3.48 vs 00.2 

2.12 m 10.0 

1.72 

1 .23  

1.16 

1.06 

a = 2.45 
c = 6.88 

W 

mw 

vw 

00.4 

11.0 

00.6 

20.0 

A t r ansmiss ion  e l e c t r o n  microscopy i n v e s t i g a t i o n  of t h e s e  f i l m s  r evea led  

some a d d i t i o n a l  f e a t u r e s .  The lower temperature  (unheated, 600OC) d e p o s i t s  

showed l i t t l e  c o n t r a s t  being uniformly m i c r o c r y s t a l l i n e .  

95OOC d e p o s i t s  comprised t h e  m i c r o c r y s t a l l i n e  component i n t e r s p e r s e d  w i t h  

l a r g e r  i s o l a t e d  shapes,  Fig.  68; t h e  lateral dimensions of t h e s e  r eg ions  

v a r i e d ,  being 700 1 f o r  t h e  1150°C f i l m  and approximately 300 1 f o r  

t h e  950°C one. 

phase could n o t  b e  made from x-ray o r  e l e c t r o n  d i f f r a c t i o n  examinations 

o f  t h e s e  f i l m s ;  (Rand and Roberts (Ref. 30) r e p o r t  t h e  presence of 

The 1150" and 

I d e n t i f i c a t i o n  of t h e  l a r g e r  areas as a s e p a r a t e  
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Fig. 68 Electron micrographs from reactively sputtered films 
of BN on resistively heated Si substrates, 
(a) Ts = 600OC; (b) Ts = 95OoC, (c) Ts = 1150°C. 
Average film thicknesses = 1000 A. 
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l a r g e  c r y s t a l s  of b o r i c  a c i d  i n  p y r o l y t i c  BN as a r e s u l t  of prolonged 

exposure t o  t h e  atmosphere .) 

3.5.3 O p t i c a l  Measurements I - In f r a red  - I n f r a r e d  abso rp t ion  

measurements, F ig .  69,  w e r e  conducted on t h e  f i l m  desc r ibed  i n  Sec.  4.2.  

The prominent f e a t u r e  i n  each case w a s  a s t r o n g  a b s o r p t i o n  band cen te red  

near 1380 cm'' (7.25 vm) which i s  c h a r a c t e r i s t i c  of BN (presumably due t o  

a B-N band s t r e t c h )  i n  both bu lk  (Ref. 77) and p y r o l y t i c  forms (Ref. 78 ) .  

An a d d i t b n a l  band i s  observed nea r  810 cm (12.3 vm>, a g a i n  i n  agreement 

w i t h  t h e  b u l k  va lue .  

-1 

An i n f r a r e d  i n v e s t i g a t i o n  of some mixed AIX-BN f i l m s  w a s  

-1 a l s o  c a r r i e d  o u t  a t  t h i s  t i m e ,  and t h e  s t r o n g  1380 cm band w a s  aga in  

c l e a r l y  n o t i c e a b l e ,  F ig .  70. These r e s u l t s  confirm e l e c t r o n  d i f f r a c t i o n  

d a t a  which i n d i c a t e  t h a t  f r e e  BN is p r e s e n t  t o g e t h e r  w i t h  a n  A1N r i c h ,  

A1W-BN s o l i d  s o l u t i o n  phase i n  t h e  mixed composition f i l m s .  

3 . 5 . 4  O p t i c a l  Measurements 11-Visible and U l t r a v i o l e t  - O p t i c a l  

a b s o r p t i o n  measurements were a l s o  performed i n  t h e  v i s i b l e  and u l t r a v i o l e t  

on f o u r  p a i r s  of BN f i l m s  depos i t ed  on s i l i c a  s u b s t r a t e s .  

t h e  s u b s t r a t e s  were e i t h e r  unheated during d e p o s i t i o n  o r  heated t o  600" ,  

900" o r  l l O O ° C ,  r e s p e c t i v e l y .  Gne member of each p a i r  w a s  subsequent ly  

annealed nea r  i t s  d e p o s i t i o n  temperature i n  n i t r o g e n  (an excpet ion t o  

t h e  annea l ing  schedu le  involved a d e p o s i t  on an unheated s u b s t r a t e ,  

annea l ing  being performed a t  600°C). 

wavelength L i m i t s  of observed abso rp t ion  edges from this  series are 

shown i n  Table  I X .  

In t h e s e  f i l m s  

The experimental ly  observed s h o r t  
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Fig .  69 I n f r a r e d  abso rp t ion  s p e c t r a  f o r  r e a c t i v e l y  s p u t t e r e d  
BN films on S i  s u b s t r a t e s .  Strong abso rp t ion  a t  
1380 cm'l and 810 cm-1 are l i k e l y  due t o  BN bond 
s t r e t c h i n g  (observed a l s o  i n  bulk BN). 
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Fig.  70 I n f r a r e d  a b s o r p t i o n  s p e c t r a  f o r  r e a c t i v e l y  s p u t t e r e d  
f i l m s  of a mixed (A1,B)N-BN composition. The s t r o n g  
abso rp t ion  a t  1380 cm-I  is  r e l a t e d  t o  t h e  pure BN 
component. 
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TABLE I X  

R e l a t i v e  Displacement of Absorption Edge i n  BN Films 

Absorption Edge (eTJ) 

T 4.0 5.0 6 .O 

unheated 4 . 2 1  I <  ).I 5.8 annealed a t  600°C 

I 

600°C 5.l-t I I t 5 . 2  annealed a t  600°C 

t 5 . 7  + annealed a t  900°C 

1+5.9 annealed a t  1100°C 

900°C 

1100 " c 

5.7+1 

5 .8  

We n o t e  a p r o g r e s s i v e  s h i f t  of t h e  a b s o r p t i o n  edge t o  h ighe r  e n e r g i e s  

wi th  i n c r e a s i n g  d e p o s i t i o n  temperature .  A f u r t h e r  s h i f t  i s  observed 

f o r  f i l m s  which are subsequent ly  annealed i n  n i t r o g e n .  The l a t t e r  

e f f e c t  i s  most pronounced when t h e  annea l ing  temperature  i s  s i g n i f i c a n t l y  

g r e a t e r  t han  t h e  d e p o s i t i o n  s u b s t r a t e  t e u q e r a t u r e  (T ) .  
S 

S e v e r a l  d e p o s i t s  were prepared a t  1000°C on "Suprasi l"  and 

examined i n  t h e  u l t r a v i o l e t  spectrum by means of t h e  p r e c i s i o n  spec t ro -  

photometers desc r ibed  i n  Sec. 2 . 2 . 4 .  The r e s u l t s ,  F ig .  71, i n d i c a t e  

t h a t  t h e  observed a b s o r p t i o n  edge occur s  a t  5.72 5 0.05 e V .  Reported 

va lues  f o r  CVD d e p o s i t s  are 3.8 (Ref. 3 0 ) ,  5 .0  (Ref. 31) and 7.8 (Ref. 7 9 ) .  

The c a l c u l a t e d  v a l u e  f o r  bu lk  hexagonal boron n i t r i d e  i s  7.533 (Ref. 80) .  

The p r e s e n t  d a t a  s e e m  t o  b e  most c o n s i s t e n t  w i t h  t h e  v a l u e  ( ~ 5 . 0 ) ,  given 

f o r  an  i s o t r o p i c  form of BN depos i t ed  a t  temperatures  between 1065" and 

1355°C (Ref. 31).  

3.5.5 Dielectric Measurements - P a r t l y  m e t a l l i z e d  s i l i c a  s l i c e s  

served as s u b s t r a t e s  f o r  t h e  BN f i l m s  which were used i n  e v a l u a t i n g  

d i e l e c t r i c  p r o p e r t i e s .  I n i t i a l l y ,  s p u t t e r e d  tantalum w a s  used as t h e  base 
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e l e c t r o d e  material  w i th  evaporated aluminum o r  gold as t h e  coun te re l ec t rode .  

Some d a t a  from t h e s e  d e p o s i t s  prepared over a range of temperatures  

(vol tage  and c u r r e n t  d e n s i t y  he ld  cons t an t )  are presented  i n  Table  X. 

We n o t e  t h a t  t h e  room temperature  d i e l e c t r i c  cons t an t  f o r  

t h e  low temperature  d e p o s i t s  f a l l s  i n  t h e  range r epor t ed  f o r  bu lk  BN,  

v i z . ,  3 .5  (E I ] c-axis) and 5 . 1  (E 1 c-axis) (Ref. 81). The d e p o s i t s  

on s u b s t r a t e s  he ld  a t  900°C and 1100°C g i v e  va lues  which d i f f e r  from 

those  measured f o r  t h e  lower temperature  d e p o s i t s .  The va lue  observed 

TABLE X 

Dependence of E on Growth Temperature f o r  BN F i l m s  

E ( d i e l e c t r i c  cons t an t )  

f (kHz) unheated 600°C 900°C 1100°C 

500 4 . 9  5.05 2 .3  4 . 1  

100 4 .9  5.05 2.35 4 . 1  

50  5 .0  5 . 1  2.4 4.16 

20 5 .2  5 .2  2.4 4.2 

10 5.35 5.25 2 .4  4 , 2  

5 5 . 4  5.35 2.45 4 .24  

i n  the 1100°C f i lms  poss ib ly  may occur  as a r e s u l t  of t h e  o n s e t  of 

some p r e f e r r e d  o r i e n t a t i o n  ( t h e  observed (0001)-f iber  o r i e n t a t i o n ,  

F ig .  6 7 ;  t h e  app l i ed  f i e l d  would thus  b e  o r i e n t e d  p a r a l l e l  t o  a 

r e l a t i v e l y  s t r o n g  c-axis  component. 

a t  f i r s t  seemed anomalous. When a h igh  temperature  eva lua t ion  of BN 

f i l m  c a p a c i t o r s  w a s  begun, aluminum coun te re l ec t rodes  were rep laced  

The r e s u l t s  f o r  900°C d e p o s i t s  
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by s p u t t e r e d  plat inum. I n i t i a l l y ,  t h e r e  w e r e  no i r r e v e r s i b l e  changes 

i n  f i l m  p r o p e r t i e s  due t o  e l e c t r o d e  d i f f u s i o n  and platinum e l e c t r o d i n g  

w a s  extended t o  inc lude  t h e  base e l e c t r o d e .  Deposi ts  prepared on 

platinum b a s e  e l e c t r o d e s  a t  900"-lOOO"C, however, d i d  show some 

marked d i f f e r e n c e s  from t h o s e  grown on tantalum e l e c t r o d e s .  Measured 

va lues  of d i e l e c t r i c  c o n s t a n t ,  E ,  w e r e  less than u n i t y .  Evaluat ion 

of t h e s e  r e s u l t s  i n d i c a t e d  formation of a platinum-boron l a y e r  between 

t h e  o r i g i n a l  platinum base  e l e c t r o d e  and t h e  BN f i l m .  I n i t i a l l y ,  

incomplete r e a c t i o n  of boron wi th  n i t r o g e n  and l a t e r  r e a c t i o n  w i t h  

plat inum (a platinum-boron e u t e c t i c  i s  formed a t  830°C (Ref. 82) are 

l i k e l y  p rocesses  involved i n  t h e  formation of t h i s  conduct ive l a y e r .  

Platinum w a s  abandoned i n  f a v o r  of tantalum and t h e  temperature  dependence 

of E f o r  f i l m s  prepared a t  1000°C is  shown i n  F ig .  72. A t  room temperature ,  

va lues  of E are approximately 4.3.  This  va lue  is  a l s o  less than t h e  

5.1 r e p o r t e d  f o r  bu lk  BN. 

s o l i d  s o l u b i l i t y  of boron i n  tantalum a t  temperatures  above 950°C 

(Ref. 8 3 ) ,  t h e  p o s s i b i l i t y  of a tantalum-boron l a y e r  formed from unreacted 

boron cannot be excluded as a cause f o r  t h e  lower d i e l e c t r i c  cons t an t  

i n  t h e s e  f i l m s .  The E vs T d a t a  do, however, show e x c e p t i o n a l l y  s t a b l e  

p r o p e r t i e s  between room temperature  and 500°C i n  a range of f r e q u e n c i e s  

between 5 x 10 t o  5 x 10 kHz. 

Since t h e r e  a l s o  appears  t o  b e  a p p r e c i a b l e  

3 5 

Measurements of d i s s i p a t i o n  f a c t o r  were made using a Boonton 

75C Direct Capacitance b r i d g e .  

measured c o n d u c t i v i t y ,  G ,  of t h e  f i l m s  according t o  t h e  formula 

Values of D were c a l c u l a t e d  using t h e  
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where G i s  given i n  I-l-ohms, C i n  pF, and f (frequency) i n  MHz. Room 

temperature  v a l u e s  ranged c o n s i s t e n t l y  between 0.02 and 0.07 ( f i l m  

th i cknesses  be ing  between 1000 and 5000 1. 
g r e a t e r  t h a n  t h o s e  r e p o r t e d  f o r  t h i c k  CVD d e p o s i t s ,  e .g . ,  i n  75-100 pm 

f i l m s ,  D 1 . 4  x 10 (Ref. 3 2 )  b u t  compare more f avorab ly  w i t h  t h i n  

p y r o l y t i c  d e p o s i t s  (5000 8) on Cu and Mo (Ref. 84) v i z . ,  .003 < D < . O l .  

These va lues  are cons ide rab ly  

-4 

In t h i c k e r  s p u t t e r e d  BN d e p o s i t s  (1-3 pm) va lues  of D decreased,  

D < .0055. 

3 .5.6 S t r u c t u r a l  S t u d i e s  on Boron Films - I n  view of t h e  implied 

r e l u c t a n c e  of boron t o  react completely w i t h  n i t r o g e n ,  a l a y e r  of boron 

w a s  s p u t t e r e d  (vo l t age -cu r ren t  d e n s i t y  parameters c o n s i s t e n t  w i t h  t h o s e  

used f o r  s p u t t e r i n g  of BN) i n  argon onto a s i l i c o n  s u r f a c e .  E lec t ron  

d i f f r a c t i o n  p a t t e r n s  and t r ansmiss ion  e l e c t r o n  micrographs are shown 

i n  F igs .  73 and 7 4 ,  The d i f f u s e  d i f f r a c t i o n  r i n g s ,  Fig.  7 3 ,  are a match 

t o  those  p rev ious ly  i d e n t i f i e d  as BN (Ref. 7 4 ) .  The topography, however, 

i s  somewhat d i f f e r e n t  t o  t h a t  f o r  s p u t t e r e d  f i l m s  of BN, Fig.  7 4 .  The 

a v a i l a b l e  d a t a  do n o t ,  t h e r e f o r e ,  exclude t h e  presence of unreacted boron 

i n  BN f i l m s .  

3.5.7 C-V Measurements - The C-V c h a r a c t e r i s t i c s  of some r e a c t i v e l y  

s p u t t e r e d  BN f i l m s  on unheated n-type s i l i c o n  s u b s t r a t e s  are shown i n  

Fig.  7 5 .  Thicknesses are approximately 3000 8. A s m a l l  h y s t e r e t i c  

e f f e c t  i s  observed as t h e  b i a s  v o l t a g e  i s  swept through a c y c l e  and t h e  

s e n s e  i n  which the h y s t e r e s i s  loop is  t r a v e r s e d  i n d i c a t e s  some ian motion. 

On a p p l i c a t i o n  of a -I- 10 v o l t  b i a s ,  t h e  f l a t  band v o l t a g e  (V ) i s  

t y p i c a l l y  -8 V and t h e  a s s o c i a t e d  induced charge i n  t h e  semiconductor i s  

FB - 
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Fig.  73  Elec t ron  d i f f r a c t i o n  p a t t e r n s  of r e a c t i v e l y  
s p u t t e r e d  f i l m s  which condense i n  an amorphous 
s ta te ;  (a) boron; (b) boron n i t r i d e .  

15 9 
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b 

Fig .  74 E l e c t r o n  micrographs of r e a c t i v e l y  s p u t t e r e d  
f i l m s  which condense i n  an  amorphous state;  
(a )  boron; (b) boron n i t r i d e .  
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approximately -7 x 10l2 charges/cm2 (Ref. 62). As the voltage is increased 

we note a progressive and irreversible shift of the flat band voltage to 

more negative values, at 40 V bias VFB = -17 V, at 70 V bias VFB = -30 V. 

A decrease in the value of capacitance (maximum in the accumulation 

mode) is also noted after each sweep, the decrease being greater for 

higher biases. The ultimate effect, if a sufficient number of sweeps 

are traversed, is an apparent reduction of the capacitance to zero. 

An inspection of the capacitor at this point revealed that the counter- 

electrode (usually a 0.3 mm diameter aluminum pad) had vanished, thus 

accounting for the gradual decrease of capacitance. 

A voltage was next applied to an adjacent MIS structure so 

that the effect on the counterelectrode might be followed. 

of a small bias, 5 20 V, a slight discoloring was observed at the edge 

of the metallic aluminum pad. 

discolored (nonmetallic appearance) region gradually and an even larger, 

- + 70 V bias, produced a fairly rapid change culminating in the complete 
disappearance of the metallic electrode. On the tentative assumption that 

field-induced aluminum diffusion into a porous film was the cause of the 

observed effect, a portion of the nitride film was counterelectroded with 

sputtered tantalum (a more refractory and less mobile metal). There 

appeared good stability of the C-V loops up to biases of - + 20 V. When 

higher biases were applied, however, the capacitance began to decrease 

once more. Although the BN films deposited on unheated silicon substrates 

seem apparently porous to metal atom diffusion, they exhibited considerable 

dielectric strength showing no evidence of spontaneous breakdown even 

On application 

A larger bias, - + 40 V, increased the 
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6 when b i a s e d  a t  - + 100 V (3  x 10 V/cm). 

temperature ,  %50O0-6OO0C, behaved less e r r a t i c a l l y  and d a t a  are shown 

i n  Fig.  76. 

charge i s  -6.3 x 10 

temperatures  of p r e p a r a t i o n ,  ~lOOO°C, f r e q u e n t l y  s u f f e r e d  breakdown a t  

low app l i ed  v o l t a g e  ( ~ 5  V). 

downs i n d i c a t e s  t h a t  breakdown occurs  a t  a Schottky b a r r i e r  (metal- 

semiconductor j u n c t i o n ) .  

semiconductor seems p o s s i b l e  i f  t h e  d i e l e c t r i c  c o n t a i n s  voids  o r  i s  

porous.  

f u t u r e  s t u d i e s  might w e l l  c o n c e n t r a t e  i n  t h i s  area. 

F i l m s  prepared a t  in t e rmed ia t e  

Ion motion i s  a g a i n  predominant and t h e  a s s o c i a t e d  induced 

11 2 
charges/cm . Films depos i t ed  a t  t h e  h i g h e s t  

Analysis  of t h e  C-V trace from such break- 

Contact between t h e  coun te re l ec t rode  and t h e  

Since t h e  i n t e r m e d i a t e  temperature  d a t a  seem most promising, 

3 . 6  Discussion 

The e x c e l l e n t  chemical s t a b i l i t y  of r e a c t i v e l y  s p u t t e r e d  A1N 

f i l m s  enabled a wide v a r i e t y  of measurements t o  b e  made. Included were 

x-ray and e l e c t r o n  d i f f r a c t i o n  s t u d i e s  , o p t i c a l  abso rp t ion  measurements, 

r e s i s t i v i t y ,  capac i t ance ,  I -V  and C-V measurenents and e v a l u a t i o n s  of 

p i e z o e l e c t r i c  p r o p e r t i e s .  

Since t h e  f i l m s  comprised o r i e n t e d  a r r a y s  of s m a l l  c r y s t a l s ,  

i t  i s  n o t  s u r p r i s i n g  t h a t  many of t h e  observed r e s u l t s  bea r  some 

resemblance t o  d a t a  from h o t  p re s sed  ceramic A1N as w e l l  as from s m a l l  bulk 

s i n g l e  c r y s t a l s .  I n  g e n e r a l ,  t h e  resemblance is nearest t h a t  of t h e  

l a t t e r .  D i e l e c t r i c  p r o p e r t i e s  are less a f f e c t e d  by a temperature  excursion 

than are those  of t h e  h o t  pressed form and suggest  t h e  absence of 

conducting i m p u r i t i e s .  I - V  behavior  seems c o n s i s t e n t  w i th  a space-charge- 

l i m i t e d  mechanism and C-V d a t a  sugges t  t h e  p o s s i b i l i t y  of "bu i l t - i n"  
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Fig.  76 C-V curves  from r e a c t i v e l y  s p u t t e r e d  BN f i l m s  
prepared on S i  a t  550°C. Film th i ckness  = 2700 1. 
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d i p o l e s  which d i s p l a y  t h e  motions of bo th  p o s i t i v e  and n e g a t i v e  i o n s  

when sub jec t ed  t o  e l e c t r i c a l  stresses. 

The most obvious p h y s i c a l  anomaly noted,  t h e  s h i f t  of t h e  

o p t i c a l  abso rp t ion  edge i n  as-deposi ted,  diode s p u t t e r e d  f i l m s ,  b e a r s  

a marked resemblance t o  t h e  bulk d a t a  obtained by Cox, e t  a l .  (Ref. 56) .  

Nitrogen d e f i c i e n c y  i n i t i a t e d  by argon occ lus ion  o f f e r s  an  accep tab le  

cause e s p e c i a l l y  s i n c e  t h e  bulk parameter can be a t t a i n e d  by subsequent 

anneal ing i n  a pure n i t r o g e n  ambient. 

Although p e r f e c t  ep i t axy  i s  n o t  g e n e r a l l y  achieved i n  d e p o s i t s  

onto A 1  0 s u r f a c e s ,  p i e z o e l e c t r i c  measurements were made us ing  f i l m s  

which showed s t r o n g  f i b e r - t e x t u r e  o r i e n t a t i o n s .  Some d a t a  i n d i c a t e d  

s t r o n g  e l ec t romechan ica l  response and allowed comparison wi th  

examined CdS l a y e r s .  A t  b e s t ,  t h e  A1N f i l m s  compare favorably.  

2 3  

prev ious ly  

Mixed f i l m s  of A1N-BN and A1N-Si  N were prepared i n  a t t empt s  3 4  

t o  d i s r u p t  t h e  long-range c r y s t a l l i n e  o rde r  of A1N f i l m s .  

were only p a r t l y  s u c c e s s f u l  i n  t h a t  d i s o r d e r  was never complete up t o  t h e  

s t a g e  where p r o p e r t i e s  began t o  d e v i a t e  from those  of A1N.  

The experiments 

BN, t h e  boron analogue of A l N , w a s  s t u d i e d  as a s e p a r a t e  

e n t i t y .  Prepared by t h e  reactive s p u t t e r i n g  of h igh  p u r i t y  boron, f i l m s  

of BN show bulk v a l u e s  of d i e l e c t r i c  c o n s t a n t .  Dielectric l o s s  wh i l e  

appearing high i n  ve ry  t h i n  f i l m s ,  t < 

g r e a t e r  t h i c k n e s s ,  t o  v a l u e s  observed f o r  p y r o l y t i c  d e p o s i t s .  The 

BN f i l m s  are s t r u c t u r a l l y  less c r y s t a l l i n e  than  A1N f i l m s .  Some measured o r  

deduced parameters d i f f e r  from those  r epor t ed  f o r  bu lk  samples ;  bu lk  

material appears  t o  b e  h i g h l y  a n i s o t r o p i c .  The p o s i t i o n  of t h e  o p t i c a l  

500 g, is  s i m i l a r ,  f o r  f i l m s  of 
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abso rp t ion  edge, f o r  example, approximates a va lue  more c o n s i s t e n t  

w i t h  a t h e o r e t i c a l l y  i s o t r o p i c  sample. Deduced l a t t i ce  parameters 

d i f f e r  somewhat from r e p o r t e d  bulk v a l u e s  and are thought due t o  

s t r u c t u r a l  d i s o r d e r ,  non-stoichiometry o r  p o s s i b l e  d i s r u p t i o n  of s h o r t  

range o r d e r  by argon occ lus ion .  

Although some i o n  motion i s  a s s o c i a t e d  wi th  C-V behavior of 

B N / S i ,  t h e  amorphous c h a r a c t e r  of t h e  f i l m s  coupled w i t h  high 

r e s i s t i v i t i e s  sugges t s  a f u r t h e r  look a t  t h i s  material f o r  u s e  i n  

MIS-device a p p l i c a t i o n .  

4 .  CONCLUSIONS 

4 . 1  Evaporated f i l m s  of A l A s  and A1P have been prepared f o r  t h e  

f i r s t  t i m e  and t h e  c o n d i t i o n s  of d e p o s i t i o n  l ead ing  t o  s t o i c h i o m e t r i c  

compositions have been de f ined .  These c o n d i t i o n s  d i f f e r  from those  used 

f o r  o t h e r  1 1 1 - V  compound f i l m s  due t o  t h e  h igh  decomposition temperatures  

of t h e  Al-compounds. 

4.2 The s t r u c t u r a l  and o p t i c a l  p r o p e r t i e s  of t h e  vacuum depos i t ed  

AlSb, A l A s  and Alp f i l m s  a g r e e  wi th  t h e  corresponding b u l k  p r o p e r t i e s .  

These p r o p e r t i e s  degrade, however, when t h e  f i l m s  are exposed t o  moist  

a i r  environments. 

4 .3  R e s i s t i v i t i e s  measured i n  t h e  antimonide,  a r s e n i d e  and 

phosphide, b e f o r e  d e t e r i o r a t i o n  were comparable t o  bulk va lues .  M o b i l i t i e s ,  

however, were ve ry  low and w e r e  a t t r i b u t e d  t o  t h e  g r a i n  boundaries i n h e r e n t  

i n  f i l m s  made up of s m a l l  c r y s t a l l i t e s .  This  f a c t ,  t o g e t h e r  w i t h  t h e  

d i f f i c u l t i e s  encountered i n  developing e p i t a x y ,  i n d i c a t e  t h a t  A1-V f i l m s  

grown by vacuum d e p o s i t i o n  are no t  a t t r a c t i v e  f o r  t h e  manufacture of t h e  

j u n c t i o n s .  
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4.4  Films of A1N have been s p u t t e r e d  f o r  t h e  f i r s t  t i m e  i n  

r e s i d u a l  u l t r a -h igh  vacuum environments. A f u l l  range of p r e f e r r e d  

o r i e n t a t i o n s ,  none t o  e p i t a x i a l ,  were observed on a v a r i e t y  of s u b s t r a t e s .  

4.5 The s t r u c t u r a l ,  e lectr ical  and d i e l e c t r i c  p r o p e r t i e s  of A1N 

f i l m s  compared f avorab ly  t o  those  of bu lk  p o l y c r y s t a l l i n e  and s i n g l e  

c r y s t a l  materials. The d i e l e c t r i c  p r o p e r t i e s  appeared t o  su rpass  those  

of s i n t e r e d ,  p o l y c r y s t a l l i n e  A1N a t  high temperature .  

4.6 O p t i c a l  p r o p e r t i e s  showed t h a t  t h e  abso rp t ion  edge i n  

s p u t t e r e d  A1N is  a f u n c t i o n  of s u b s t r a t e  temperature  and t h e  composition 

and p r e s s u r e  of t h e  s p u t t e r i n g  atmosphere. Films depos i t ed  i n  an  

argon-nitrogen mlx tu re  unbalanced h e a v i l y  i n  f avor  of argon showed s t r o n g  

abso rp t ion  c h a r a c t e r i s t i c s  as low as 3 .4  e V .  Annealing a t  h igh  temperatures 

r e s t o r e d  t h e  a b s o r p t i o n  edge t o  a bu lk  va lue  of 5.9 e V .  

f i lms  w e r e  t h u s  be l i eved  t o  c o n t a i n  occluded argon which gave r ise t o  a 

n i t r o g e n  d e f i c i e n c y  cond i t ion .  

As-deposited 

4.7 Although t h e  r e p r o d u c i b i l i t y  of microwave a c o u s t i c  measurements 

f o r  a series of r e a c t i v e l y  s p u t t e r e d  A1N f i l m s  was r a t h e r  poor ,  t h e  o v e r a l l  

d a t a  from such measurements i n d i c a t e d  t h a t  t h e  b e s t  f i lms  d i s p l a y  

p i e z o e l e c t r i c  p r o p e r t i e s  which r iva l  t h o s e  of h i g h l y  ordered CdS films. 

Causes of t h e  i n c o n s i s t e n c i e s  appear a s s o c i a t e d  w i t h  e i t h e r  poor s u b s t r a t e  

i n t e r f a c e s  o r  p o s s i b l e  s u b s t r a t e  contamination. 

4.8  E f f o r t s  t o  determine t h e  o p t i c a l  a b s o r p t i o n  c o e f f i c i e n t ,  a ,  

of A1N us ing  o r i e n t e d  f i l m s  were unsuccess fu l  due t o  an  i n h e r e n t  p rope r ty ,  

v i z . ,  t h e  mosaic s t r u c t u r e  of such f i l m s .  L igh t  s c a t t e r i n g  a t  g r a i n  

boundaries i n c r e a s e s  c1 by a t  least an  o r d e r  of magnitude. 
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4 . 9  Mixed f i l m s  of A1N-BN were prepared and analyzed f o r  percentage 

of boron c o n t e n t .  

suggest  t h a t  n o t  more than  6 - 7-1/2% boron is taken i n t o  t h e  A1N l a t t i c e .  

The s o l i d  s o l u t i o n  s t i l l  r e t a i n s  a w u r t z i t e  s t r u c t u r e  b u t  w i th  c e l l  

dimensions smaller than  t h a t  f o r  A1N. BN as a s e p a r a t e  excess  phase is  

observed i n  d e p o s i t s  where t h e  A l / B  r a t i o  is  2.4/1.  

I n  f i l m s  prepared a t  900°C, l a t t i c e  parameter d a t a  

4.10 Mixed f i l m s  of A1N-Si N r e t a i n e d  p r o p e r t i e s  similar t o  3 4  

t h o s e  observed f o r  pu re  A1N. 

were almost amorphous and showed I-V c h a r a c t e r i s t i c s  which i n d i c a t e d  

space-charge l i m i t e d  behavior .  

Deposi ts  i n  which t h e  Al /S i  r a t i o  w a s  1/1 

4.11 BN f i l m s ,  prepared by reactive s p u t t e r i n g  from h i g h  p u r i t y  

boron t a r g e t s ,  d i sp l ayed  d i e l e c t r i c  p r o p e r t i e s  which equa l l ed  o r  exce l l ed  

t h o s e  of bulk o r  p y r o l y t i c a l l y  prepared BN. Unlike bu lk  material, t h e  

s p u t t e r e d  f i l m s  were predominately i s o t r o p i c  ( e l e c t r o n  d i f f r a c t i o n  and 

U.V. a b s o r p t i o n  d a t a ) .  

w i t h  a band gap of 5.72 e V .  

The abso rp t ion  edge of s p u t t e r e d  BN is a s s o c i a t e d  
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6 .  APPENDIX (NEW TECHNOLOGY) 

P r e p a r a t i o n  of S to i ch iomet r i c  A1-V Films 
by Three Temperature Evaporat ion 

The fo l lowing  cond i t ions  were used t o  ensure  t h e  p r e p a r a t i o n  

of s t o i c h i o m e t r i c  evaporated f i l m s  of t h e  compounds AlSb, A l A s  and Alp. 

A 1  sou rce  temperatures  should be  i n  t h e  range 1080-1200°C t o  provide  

inc idence  rates up t o  100 monolayers p e r  minute.  The Group V element 

should be  screened from t h e  A 1  source  t o  prevent  formation of t h e  

compound a t  t h e  s u r f a c e  of t h e  m e l t .  Adjustment of t h e  source  temp- 

e r a t u r e s  should be  such t h a t  t h e  Group V element f l u x  is  1 t o  1 . 5  t imes 

t h a t  f o r  A l .  S u b s t r a t e  temperatures  must be  g r e a t e r  t han  700°C, high  

enough t o  p reven t  o r  reduce s i g n i f i c a n t l y  t h e  d e p o s i t i o n  of A 1  a lone .  

The upper L i m i t  f o r  t h e  s u b s t r a t e  temperature  is  set on ly  by t h e  

decomposition tempera ture  of t h e  r e s p e c t i v e  compound. 

More d e t a i l e d  d a t a  are g iven  f o r  t h e  i n d i v i d u a l  compounds i n  

Sec.  2 .1 .1  (AlSb), Sec. 2 .3 .1  (AlAs) and Sec. 2.4.1 (Alp). 

174 



Report Distribution List for Contract NAS 12-568 

National Aeronautics & Space 

Attn: US/Winnie M. Morgan 
Sci. and Tech. Info. Division 
Washington, D. C. 20546 

Administration 

2 copies 

National Aeronautics & Space 

At5tn: REE/Mr. C. E. Pontious 
Wdshington, D. C. 20546 

Administration 

National Aeronautics & Space 

Adtn: Office of Technology 

Washington, D. C. 20546 

Nhtional Aeronautics & Space 

Administration 

Utilization 

I 

\Administration 
tn: Mr. S. Gaudiano, Code EE-2 
nned Spacecraft Center 
uston, Texas 77058 

tional Aeronautics & Space 
Administration 
tn: Dr. Alvis M. Holladay, R-ASTR-R 
0. C. Marshall Space Flight Center 
ntsville, Alabama 35812 

tional Aeronautics & Space 
' Administration 
i Aittn: Mr. C. A. Hermach, Code SVM 
Aples Research Center 
Mbffett Field, California 94035 

National Aeronautics & Space 

Attn: Mr. C. Husson, Mail Stop 470 
Langley Research Center 
Hampton, Virginia 23365 

Administration 

National Aeronautics & Space 

Attn: Mr. R. Van Allen, Code 711 
Goddard Space Flight Center 
Greenbelt, Maryland 20771 

Administration 

Jet Propulsion Laboratory 
Attn: Mr. R. Powell 
Research Programs Office 
4800 Oakgrove Drive 
Pasadena, California 91103 

Department of the Army 

Commanding General 
U.S. Army Electronics Command 
Attn: AMSEL-KL-S, Dr. H. Jacobs 
Fort Monmouth, New Jersey 07703 

Commanding General 
U.S. Army Electronics Command 
Attn: AMSEL-KL-I, Mr. R. A. Gerhold 
Fort Monmouth, New Jersey 07703 

US Army Electronics Command 
Attn: Mr. H. Mette 
Code AMSEL-KL-ID 
Fort Monmouth, New Jersey 07703 

Army Research Office Durham 
Attn: Dr. R. Mace 
Director, Physics Division 
Box CM 
Duke Station, North Carolina 27706 

Commanding Officer 
Harry Diamond Laboratories 
Attn: Mr. N. Doctor 
Washington, D. C. 20438 

Commanding Officer 
USAMERDC 
Attn: SMEFB-IR (Mr. K. Steinbach) 
Fort Belvoir, Virginia 22060 

Commanding Officer 
Picatinny Arsenal 
Attn: Mr. A. Hendrickson, SMUPA-T 
Dover, New Jersey 07801 

DeDartment of the Naw 

Naval Weapons Center 
Attn: Dr. H. H. Weider, Code C 6134 
Corona Laboratories 
Corona, California 90720 



- 2 -  

Department of the Navy Cont. 

Department of the Navy 
Naval Electronic Systems Command 
Attn: Mr. A. H. Young, ELEX-05143A 
Washington, D. C. 20360 

Director, Naval Research Laboratory 
Attn: Mr. G. Abraham, Code 2027 
Washington, D. C, 20390 

Res. Coordinator Materials 
Office of Naval Research 
Attn: Mr. Ancel E. Cook, Code 403C 
Department of the Navy 
Washington, D. C. 20360 

U.S. Naval Ordnance Laboratory 
Attn: Mr. Albert D. Krall 
White Oak 
Silver Spring, Maryland 20910 

Department of the Air Force 

Air Force Avionics Laboratory 
Attn: J. Blasingame 
Chief, Electronic Res. Branch 
Wright Patterson AFB, Ohio 45433 

Air Force Avionics Laboratory (AVTA) 
Attn: Mr. H. H. Steenbergen 
Wright Patterson AFB, Ohio 45433 

Air Force Office of Scientific Res. 
Attn: Dr. T. Ratchford 
Office of Aerospace Research 
Washington, D. C. 20333 

Commander, RADC 
Attn: Mr. J. Brauer, EMERM 
Griffiss Air Force Base 
New York 13440 

Air Force Materials Laboratory 
Attn: Mr. L. F. Salzberg 
Wright Patterson AFB, Ohio 45433 

Other Government Agencies 

Director, National Security Agency 
Attn: Mr. Oliver H. Bartlett Jr., R-42 
Fort George G. Meade, 
Maryland 20755 

Private Organizations 

Dr. R. D. Baxter 
Battelle Memorial Institute 
505 King Avenue 
Columbus, Ohio 43201 

Dr. H. Manasevit 
North American-Rockwell Corp. 
Antonetics Division 
Muraloma Avenue 
Anaheim, California 

Dr. G. S. Kamath 
Xerox Corporation 
Research Laboratory 
Webster, New York 

Dr. T. B. Light 
IBM Corporation 
Thomas Watson Research Center 
Yorktown Heights, New York 

Applied Physics Laboratory 
The John Hopkins University 
Attn: Dr. Charles Feldman 
Silver Spring, Maryland 20910 

Lincoln Laboratory, MIT 
Attn: Mr. Donald J. Eckl 
P.O. Box 73 
Lexington, Massachusetts 02173 

J, L. Moll 
Stanford University 
Stanford, California 94304 

P. L. Hower 
Research and Development Laboratory 
Fairchild Semiconductor 
Palo Alto, California 

L. Cohen 
General Telephone & Electronics 
Laboratories, Incorporated 

Bayside, New York 

H. C. Casey 
Bell Telephone Laboratories, Inc. 
Murray Hill, New Jersey 



- 3 -  

Private organizations Cont. Private Organizations Cont. 

W. W. Hooper 
Research and Development Laboratory 
Fairchild Semiconductor 
Pato Alto, California 

A. M. Barnet 
Geperal Electric Company 
ElFctronics Laboratory 
Sykacuse, New York 

Dr’. J. J. Tietjen 
Da.krid Sarnoff Research Center 
PrLnceton, New Jersey 

I 

! 

G. E. Renner 
Geberal Electric Research and 
Development Center 

Schenectady, New York 

H . , Rupprecht 
T.l J. Watson Research Laboratory 
IBp Corporation 
Yolrktown Heights, New York 

W. G. Spitzer 
Department of Materials Science 
and Electrical Engineering 

University of Southern California 
Lqs Angeles, California 

I 

F., J. Reid 
G4neral Telephone & Electronics 
Laboratories, Incorporated 

Bdyside, New York 

C+ M. Wolfe 
Ltncoln Laboratories 
Mass. Institute of Technology 
Lkxington, Massachusetts 02173 

J. Kinoshita 
Central Research Laboratories 
Varian Associates 
Palo Alto, California 

C. S. Kang 
Hewlett-Packard Laboratories 
Phlo Alto, California 

M. Ilegens 
Stanford Electronics Laboratory 
Stanford University 
Stanford, California 94304 

R. Solomon 
Fairchild Semiconductor Research & 

Palo Alto, California 
Development Laboratory 

K. L. Ashley 
Southern Methodist University 
Dallas, Texas 75222 

G. L. Pearson 
Stanford Electronics Laboratory 
Stanford University 
Stanford, California 94304 

M. T. Wauk 
Microwave Laboratory 
Stanford University 
Stanford, California 94305 

D. K. Winslow 
Microwave Laboratory 
Stanford University 
Stanford, California 94305 

J. DeKlerk 
Westinghouse Research Center 
Pittsburgh, Pa. 15235 

R. E. Stapleton 
Westinghouse Electric Corp. 
Aerospace Elec . Div. 
Lima, Ohio 

R. A. Lindberg 
NASA/Lewis Research Center 
Space Power Systems Div. 

S. E. Miller 
Columbus Lab oratories 
Battelle Memorial Inst. 
Columbus, Ohio 

H. L. Goering 
Columbus Laboratories 
Battelle Memorial Inst. 
Columbus, Ohio 



- 4 -  

S. M. Hu 
IBM Components Div. 
E. Fishkill Facility 
Hopewell Junct., New York 12533 

L. V. Gregor 
IBM Components Div. 
E. Fishkill Facility 
Hopewell Junct., New York 12533 

A. R. Janus 
Research & Development Labs. 
Sprague Elect. Co. 
North Adams, Mass. 

G .  A. Shirn 
Research & Development Labs. 
Sprague Elect. Co. 
North Adams, Mass. 

L. A. Murray 
Radio Corp. of America 
Electronic Components & Devices 
Somerville, New Jersey 

J. H. Scott 
Radio Corp. of America 
Electronic Components & Devices 
Somerville, New Jersey 

J. R. Rairden 
General Electric Corp. 
Research and Development Center 
Schenctady, New York 

M. J. Rand 
Bell Telephone Labs, Inc. 
Allentown, Pa. 

J. F. Roberts 
Bell Telephone Labs, Inc. 
Allentown , Pa. 

Contracting Center Distribution List 

NASA Electronics Research Center 
575 Technology Square 
Cambridge, Massachusetts 02139 I , 
AT/Technical Information Branch ! 

(20 + I. reproducible) copies 
Technical Monitor - 5 copies 
T/Technology Utilization 
M/Patent Counsel 

I 

i 

D. Richman 
RCA Lab oratories 
Princeton, New Jersey 


